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Abstract 
A non-aqueous solvent system was developed for use with 
Photosystem II (PSI I) enriched membrane fragments . A number of solvents 
were initially tested for this role and of these, ethylene glycol was identified as 
the most suitable because it caused the least damage to the pigment bed. An 
investigation of PSI! activity as a function of increasing ethylene glycol 
concentrations revealed that concentrations above 40% blocked electron flow 
between the photocatalytic reaction centre and the 02 evolving complex. 
These effects could be explained in part by the depletion of specific extrinsic 
proteins and the loss of the catalytic Mn ions. Upon return of the samples to 
aqueous medium there was an increased production of the alternate water 
oxidation product, H20 2, formed at the expense of 02 evolution activity. The 
rate of H20 2 formation increased to a maximum following exposure of PSI! to 
75% ethylene glycol. At ethylene glycol concentrations above 85% , fast time-
resolved absorption measurements of the reaction centre chlorophyll molecule 
revealed that charge separation was lost. The loss of charge separation was 
irreversible upon return of PSII to aqueous buffer solution and was possibly due 
.,. 
to the release of lipid or xanthophyll pigments. Attempts to stabilise PSII 
activity in ethylene glycol revealed that low temperatures and the inclusion of 
the compatible solute glycine betaine significantly protected PSII from ethylene 
glycol solvent induced denaturation. 
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-Chapter 1 Introduction 
1.1 Dissertation Aims: Towards the Manipulation of Photosystem " under 
Conditions of Reduced Water Concentration 
Photosystem " (PSI!) is a multiprotein complex that performs the 
unique light driven oxidation of water to molecular oxygen. One important 
property of this reaction is that the substrate is also the solvent for the protein 
complex. As a consequence, the concentration of the substrate is very high 
(approaching 55 M) and it is likely that the water oxidation chemistry is 
performed well above substrate saturation. To date, little consideration has 
been given to water oxidation performed by PSI! under conditions of limited 
substrate concentration. The reason for this has been no doubt due to an 
inability to replace water with another- appropriate solvent. The goal of this 
work was to establish a solvent system suitable to lower the concentration of 
water so that the water oxidation system of PSI! can be investigated under 
conditions of reduced substrate concentration. 
The concentration of water as a solvent IS normally very high with 
respect to its dissolved solutes and can be adjusted only to a limited extent by 
the addition of organic osmolytes (also termed co-solutes or compatible co-
solutes (Somero, 1992)) such as sugars, or by the addition of salts. Due to 
molecular interactions between water and its dissolved solutes, the 
concentration of water is often replaced by the term water activity (a w)' Water 
activity is in effect a corrected thermodynamic concentration term for water, and 
is defined as follows: 
aw = 'Yw x Nw (Nobel, 1991) 
where 'Yw is the water activity coefficient and Nw is the mole fraction of water. A 
decrease in the concentration of water will always correspond to a decrease in 
the water activity, but, in general a decrease in water activity is always greater 
than that of concentration. The reason for this is that solute addition can 
reduce the mole fraction of water with little effect on the volume. 
1 
-Previous studies with PSII have not to my knowledge ever attempted to 
specifically lower the concentration of water. This has, however, been 
inadvertently achieved by adjusting the osmolarity of the suspending media 
with the addition of various solutes, i.e. 1-2 M CaCI2 (Ono and Inoue, 1983), 
1-2 M NaCI (Kuwabara and Murata, 1982; Akerlund et al., 1982) and 1-2 M 
sucrose and ethylene glycol (Homann, 1992). The osmolarity (IT) of a solution 
is linked to the activity of water in the following manner: 
IT x -Vw - RT In aw (Nobel, 1991) 
where V w is the partial molal volume of water, R the gas constant and T the 
temperature (OK). The addition of these solutes effect osmolarity but there is 
only a relatively small change in water activity; this is seen in Fig. 1.1. The 
addition of various solutes increases the osmotic pressure by no more than 
12 MPa while the water activity is reduced by less than 10%. In order to 
markedly reduce the activity of water, very high concentrations of solutes are 
needed. However, this is not possible due to the limited solubility of many 
osmolytes in water. Solutions of NaCI and CaCI2, for example, reach saturation 
at =6 M and thus can not substantially reduce the concentration of water. In 
addition the effect of these species at high concentrations is often detrimental 
to protein activity. Therefore, in order to cause substantial decreases in the 
concentration of water, it must be diluted with another IIcompatible solventll • 
In the studies of Homann (1992) 1-2 M solutions of glycerol and 
polyethylene glycol 400 in the buffer media were used to increase the 
osmolarity of the solution. In addition, 25-35% ethylene glycol (Miyao and 
Murata, 1983; Ikeuchi and Inoue, 1986) and 25% glycerol (Steward and 
Bendall, 1981; Ford and Evans, 1983; Noren et al., 1991) are often used as 
cryoprotectants for PSII samples. Polyols at these levels do not irreversibly 
damage PSI! activity but do decrease the concentration of water to =39 M or 
the water activity, aw to 0.95. The absence of any effect by polyols on PSII in 
these cases suggests that higher concentrations might be successfully used to 
further lower the concentration of water. The work in this dissertation 
. 
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Fig. 1.1. Osmotic pressure for various congentrations of co-solutes in 
aqueous solution that are often used in the suspension media for PSII 
membranes. Solutions of CaCI2 (8), NaCI (V), sucrose (D) and ethylene glycol 
(0 ) are shown. 
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investigates the development of a polyol solvent system to reduce the 
concentration of water (substrate and solvent) for PSII. In particular, treatments 
with ethylene glycol were used to reduce the water concentration well beyond 
the conditions in Fig. 1.1. The use of 100% ethylene glycol (~16 M) as a 
compatible solvent provides anhydrous conditions in which the water activity 
approaches zero. 
1.2 Literature review 
1 .2.1 Photosystem II and Photosynthetic Electron Transport 
The photosynthetic electron transport chain is located within the 
thylakoid membranes of all higher plants, algae and cyanobacteria and consists 
of four integral protein complexes: Photosystem II (PSII), Photosystem I (PSI), 
cytoch rome b6f (cyt b6f) and the F 0- F 1 ATP synthase. The electron transfer 
between the two photosystems and cyt b6f is mediated by two pools of mobile 
electron carriers: the plastoquinone (PO) pool, which links PSI! to cyt b6f, and 
the plastocyanin (PC), which links cyt b6f to PSI. The net reaction catalysed by 
the whole chain electron transport is the oxidation of water to molecular oxygen 
and reduction of NADP+ to NADPH. During the processes of electron transport 
a pH gradient is generated across the thylakoid membrane and is dissipated by 
the fourth component, the Fo-F1 ATP synthase, to make the energy rich bond 
of ATP (Marder and Barber, 1989; Simpson and Von Wettstein, 1989). 
Photosystem II catalyses the first step in the electron transport 
sequence by oxidising the terminal reductant H20 to-- 0 2: 
4hu 
2 H20 + 2 PO + 4H+ (stroma) ---7 02 + 2 POH2 + 4H+ (lumen) (1) 
The reaction is equivalent to translocating four protons across the thylakoid 
membrane from the stroma to the lumen. The catalysis of reaction (1) involves 
a complex series of reaction steps and several intermediates (Hansson and 
4 
is 
Wydrzynski, 1990; Andersson and Strying, 1991; Debus, 1992) which will be 
described in the following sections. 
1.2.2 The Evolution of the Photosynthetic Oxidation of Water 
The photosynthetic oxidation of water to 02 is catalysed by a unique 
reaction mechanism performed only by the photosystem II protein complex. 
Higher plants, algae and cyanobacteria are all capable of 02 evolution activity 
and contain functionally similar PSI! complexes. The differences between the 
PSI! complexes of these organisms is largely found in the structural 
arrangement and composition of the light harvesting arrays: the overall 
mechanisms of 02 evolution and PO reduction appear to be similar. 
Photosystem II is one of the most fundamental enzymes in autotrophic 
life. The first photosynthetic organisms arose on earth at least 3,500 million 
years ago. The first metabolic reactions performed by the early photosynthetic 
organisms are believed to have been driven by a light-induced cyclic electron 
flow that generated ATP. During the next 800 million years, the cyclic electron 
transport chain in some of these organisms evolved into a linear electron 
transport chain. In this case a commonly available oxidisable substrate was 
, 
used to provide the electrons for the reducing compounds needed in the 
fixation of carbon (Blankenship, 1992). 
Then approximately 2,700 million years ago, 02 began to accumulate 
in the atmosphere from photosynthetic organisms (Buick, 1992). This marked 
the point in time where the organisms using linear electron transport evolved 
the capability to oxidise water and is hence the origin of Photosystem II. It has 
been suggested that the ancestral photosystem to PSI! was the purple bacterial 
reaction centre (Nitschke and Rutherford, 1991), based upon the homology 
between the reaction centre complexes of two photosystems; however, as will 
be discussed later (section 1.6), there are some problems with this 
interpretation. 
5 
1.2.3 Light Harvesting and Charge Separation within PSI! 
The primary photochemistry in PSII begins with the capture of light 
energy by the light harvesting pigment-protein complexes. These complexes 
are located on the periphery of PSI! and contain the chlorophyll molecules a 
and b that absorb strongly in the red and blue regions of the visible spectrum. 
These pigment complexes also contain carotenoid pigments which serve to 
extend the light harvesting capability into the yellow region of the visible 
spectrum. In addition, the carotenoids, particularly the xanthophyll pigments, 
may be involved in photoprotection of PSII by providing a means to dissipate 
excess light energy that would otherwise be damaging to the reaction centre 
(Demmig-Adams, 1990; Gilmore and Yamamoto, 1993). 
Photons absorbed by the outer light harvesting complexes of PSI! are 
transferred to inner Ch i a-binding proteins. These proteins then direct the 
absorbed photons to a special II reaction centre ll chlorophyll a molecule called 
P680. A photon arriving at P680 generates the excited singlet state, P680*. 
The excited molecule is metastable and can transfer an electron to a special 
pheophytin a (Pheo a) acceptor molecule, resulting in the generation (within 
some 3 ps) of a redox-active radical pair: P680+Pheo- (Wasielewski et a/., 
1989). To prevent charge recombination the radical pair is stabilised by the 
rapid transfer of the electron (within 250-550 ps) from Pheo- to a neighbouring 
quinone molecu le, OA' and by the reduction (within 40-280 ns) of P680+ by a 
redox active tyrosine (amino acid) residue, Y z. The charge separation is further 
stabilised by transfer of the electron to a second quinone, Os (within 100-200 
!-Is) and reduction of Y z + by a cluster of four Mn ions (within 30-1300 !-Is) . The 
four Mn ions are believed to be the catalytic site for water oxidation and are 
central to what is often referred to as the oxygen evolving complex (OEC). The 
precise structu re and location of the Mn ions has not yet been determined, but 
evidence suggests the ions undergo redox cycling and accumulate 
6 
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7 
considerable oxidising potential (Hansson and Wydrzynski, 1990; Debus, 
1992). The PSII electron transport sequence is summarised in Fig. 1.2. 
1 .2.4 Oxygen Evolution 
The oxidation of water to molecular oxygen is a high energy process 
and is strongly endothermic. The free energy required to oxidise two molecules 
of water to molecular oxygen is greater than that which can be supplied by a 
single photon of red light absorbed by PSII: 
2 H20 -7 O2 + 4H+ + 4e-
1 quantum of red light at 680nm 
~G = 478 kJmol-1 
~G = 176 kJmol-1 
(Nobel, 1991) 
Indeed, at least four quanta are needed to oxidise two molecules of water. The 
first experimental evidence that 02 evolution was a four quanta process came 
from the 02 flash yield measurements of Joliot (Joliot, 1968) and it was Kok 
and co-workers (Kok et a/., 1970; Forbush et a/., 1971) that introduced the "S_ 
state model II to explain Joliofs observations that is accepted today. An 
historical outline of this discovery is found in Joliot (1993) and Cheniae (1993). 
The S-state model developed by Kok is based upon the observed O2 
release following a train of single-turnover saturating flashes. A typical 02 flash 
pattern exhibits a period four oscillation pattern. Under the single flash regime 
the OEC undergos a cycling through five univalent oxidation steps termed Sn, 
where n = 0, 1, 2, 3 or 4 (see Fig. 1.3). The states n = 2, 3 and 4 are 
metastable and after period of dark incubation relax to a population of the 
stable So' S1 states. Mechanistically, a single turnover flash generates a redox 
hole on P680-Y z. The hole is filled by the S-state transition from S1 to S2' A 
second flash generates S3 and after a third flash (the most oxidised state) S4 is 
attained. Upon reaching S4, water oxidation occurs, 02 is released and the So 
state is regenerated. Exposure to a further series of four flashes will result in 
another pulse of O2 on the ]th flash. The flash pattern after some 15-20 
flashes damps out to a steady-state constant release of 02' The damRening in 
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Fig 1.3. The S-state cycle of 02 evolution illustrating the concept to 
explain the period of four flash oscilation. Each single flash generates a redox 
hole at P680+ and generates reduced Pheo-. The redox hole is transfered to 
Y z within 40-200 ns. The strongly oxidising Y z + can then directly oxidise a 
S-state transition from Sn to Sn+ l' Upon attaining the most highly oxidised 
state S4, 02 is released and the So state is generated. The exact entry site of 
H20 oxidation is unknown (see text for details). 
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-the oscillation pattern is attributed to "misses" and "double-hits", which result in 
a loss of the coherence in the S-state advancement during the flash sequence. 
1.2.5 PSI! Structure: Detergent Isolation Procedures 
Information about the structural organisation of PSII and location of the 
cofactors and primary photoreactants has been obtained with a variety of 
techniques, from time-resolved spectroscopy to molecular biology. Paramount 
to this work has been the development of detergent isolation procedures for 
thylakoid subfractionation, which was first introduced by Boardman et al. 
(1970). Perhaps the procedure that has been the basis for most studies is the 
BBY preparation of Berthold, Babcock and Yocum (1981). The BBY 
preparation uses the ionic detergent Triton X-100 with an optimised 
combination of pH and salt concentration to isolate thylakoid membrane 
fragments enriched in PSI!. The PSI! membrane fragments isolated by this 
procedure contain little or no PSI and exhibit high rates of 02 evolution activity. 
Modifications to the BBY procedure have been made (Kuwabara and Murata, 
1982; Ford and Evans, 1983) with claims of increased activity; however, many 
preparations appear to depend upon unpublished "in-house" methods. 
PSI! membrane fragments isolated with a Triton X-100 procedure 
contain a large number of polypeptides which are listed in Table 1.1. Many of 
the PSI! proteins span the membrane at least once. The proteins most 
important for the assembly of the reaction centre are the 01, 02 and probably 
the cyt b559 and psb I components. These proteins are required for the binding 
of the cofactors (i.e. P680, Pheo, OA' 0B) involved in the initial charge 
separation and stabilisation. Additional proteins such as CP43 and CP47 may 
be important in the assembly of these cofactors or in the assembly of the Mn 
cluster (Vermaas et al.,1993). There are also a number of extrinsic proteins 
(10, 16, 23 and 33 kDa) that are important in maximising the yield of 02 
evolution. Additional low molecular-weight polypeptides have also been 
observed and their gene products identified (Ikeuchi and Inoue, 1988~ Ikeuchi 
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Table 1.1 
A list of the polypeptides found in isolated PSII complexes 
Gene Polypeptide App . Mr. Genome1 Location/Function 
(kOa) 
psbA 01 32 C RC: Yz, binds P680, Pheo, QB & Mn 
psbB CP47 47-51 C Chi a binding inner antenna: binds Mn (?) 
psbC CP43 43-47 C Chi a binding inner antenna: binds Mn (?) 
psbO 02 34 C RC: Yo, binds P680, Pheo, QA & Mn 
psbE cyt b559 a 9 C RC component 
psbF cyt b559 ~ 4 C RC component 
psbH H 7.6 C Phosphoprotein 
psbl 4.2 C RC component 
psbJ J <5 C Intrinsic 
psbK K 4.3 C Core complexes 
psbL L 4.3 C O2 evolving core component 
psbM M 3.8 C O2 evolving core component 
psbN N 4.7 C O2 evolving core component 
psbO 33 kOa 33 N Extrinsic 
psbP 23 kOa 23 N Extrinsic 
psbQ 16 kOa 16 N Extrinsic 
psbR 10 kOa 10 N Extrinsic 
22 kOa N Intrinsic: Chi binding 
28 kOa N Intrinsic 
6.1 kOa N Intrinsic 
5 kOa N Extrinsic 
4.1 kOa N Intrinsic 
1 Genome refe rs to either a nuclear encoded (N) or a chloroplast encoded (C) gene. 
1 1 
liS 
Table 1.2 
A list of the nuclear encoded chlorophyll-binding proteins associated with PSII 
Protein2 App. Mr. Common name 
(kOa) (Bassi et al., 1990) 
Lhcb1 27-28 LHCII 
Lhcb2 25-27 LHCII 
Lhcb3 24-25 LHClla 
Lhcb4 29-31 CP29 
Lhcb5 26-29 CP26 
Lhcb6 24-25 CP24 
2 According to Jansson (1994). 
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et el., 1989). At this time the functions of these proteins are unknown (Erickson 
and Rochaix, 1992; Pakrasi and Vermaas, 1992). 
The major proteins involved in light harvesting In PSII are the LHCII 
proteins. These proteins are associated at the periphery of the PSII complex 
and transfer energy to the inner Chi alb proteins of CP24, CP26 and CP29. 
These proteins in turn transfer energy to the reaction centre via the core Chi a-
binding proteins of CP43 and CP47. At present there are several names for 
each protein. A new nomenclature of the chlorophyll alb-binding proteins is 
outlined in Table 2.1 (Jansson, 1994), but in this work the chlorophyll-protein, 
CP prefix and apparent protein molecular weight will be used. 
Further detergent purification of PSII membrane fragments has been 
developed to yield PSII complexes without the light harvesting Chi alb proteins 
(Tang and Satoh, 1985; Ikeuchi et al. , 1985; Franzen et al., 1986; Ghanotakis 
et al., 1987). These preparations are often referred to as core complexes and 
contain the proteins 01, 02, cyt b559 , CP47, CP43, the 33 kOa extrinsic and 
several low molecular-weight proteins. Core complexes represent the minimal 
unit which can bind Mn, perform 02 evolution and reduce PO. 
1.2.6 PSII Structure: The Reaction Centre 
The organisation of the reaction centre of PSII and the involvement of 
the 01 and 02 proteins was largely conceived before such a complex was 
isolated. The first experimental evidence for a direct role of 01 in the PSII 
reaction centre came from the work on a low fluorescence mutant LF1 from 
Scenedesmus obliquus (Metz et al. , 1985). This mutant had reduced levels of 
Mn, was inhibited in O2 evolution and contained a modified 01 protein. The 
suggestion that the 01 protein was part of the PSII reaction centre opposed the 
widely accepted view at the time that CP 47 harboured the reaction centre 
(Nakatani, 1983; De Vitry et al., 1984; Yamagishi and Satoh, 1984). 
While the debate over the location of the PSII reaction centre 
continued, Michel (1982) was able to isolate crystals of the Land M ,subunits 
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from the reaction centre of the purple bacterium Rhodopseudomonas viridis. H. 
Michel, in collaboration with J Oeisenhofer and R. Huber followed this 
achievement with the first three dimensional structure of a photosynthetic 
reaction centre (Oeisenhofer et a/., 1984, 1985) and subsequently won the 
Nobel Prize for Chemistry in 1988. The cofactor components of the bacterial 
reaction centre are 4 bacteriochlorophyll molecules, 2 bacteriopheophytins, 2 
quinones, one ~-carotene and a non-heme iron. All cofactors are non-
covalently bound to the Land M proteins. Subsequently it was realised that the 
01 and 02 proteins of PSI! shared partial sequence homology with the Land M 
subunits. It was therefore suggested that the PSI! reaction centre is made up 
of the 01 and 02 proteins which bind the primary photoreactants P680 and 
pheophytin (Trebst 1986; Michel and Oeisenhofer, 1988). 
Experimental evidence for the Oi/02 model of the reaction centre came 
with the isolation of a 0 1-02-cyt bSS9 complex from spinach that was capable of 
charge separation. It contained 5 Chi a molecules, 2 Pheo a, 1 ~-carotene, 
very little quinone (PO-9) and no Chi b (Namba and Satoh, 1987). A similar 
preparation was isolated from pea (Barber et a/., 1987) that contained no Mn 
but initially was thought to contain a non-heme iron. The iron, however, could 
be removed with further detergent treatment without affecting charge 
separation. 
The development of highly resolving gel systems for low-molecular 
weight proteins allowed the identification of a fifth, low molecular-weight protein 
in the reaction centre preparation (Ikeuchi and Inoue, 1988). This is the psb I 
gene product. The function of psb I has yet to be determined but neither the 
psb I nor the cyt bSS9 proteins appear to be involved in the coordination of P680 
or Pheo as both can be removed by more extensive detergent treatment 
without destroying photochemical activity (Tang et a/., 1990). Cytochrome bSS9 
has been suggested to be photoprotective (Arnon and Tang; 1988; Thompson 
and Brudvig, 1988) and may also regulate photoinhibition (Nedbal et a/., 1992). 
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Thus, the PSII reaction centre, like the bacterial system, appears to be 
composed of two tightly coupled proteins which non-covalently bind the primary 
photo reactants. The functional similarities and sequence homology have been 
used widely to suggest that the PSII reaction centre evolved from the bacterial 
system. However, comparisons between PSI! and the bacterial systems of 
Rhodopseudomonas viridis and Rhodobacter sphaeroides indicate that 01 and 
02 actually share more in common with each other than they do with either of 
the L or M subunits (Blankenship, 1992). It is now suggested that the 01-02 
and L-M reaction centres evolved independently from each other following a 
gene duplication of an ancestral monomeric form of the reaction centre 
(Blankenship, 1992). Residual homology between 01-02 and L-M is found 
only in the transmembrane spanning regions and the respective acceptor sides 
that bind the quinone acceptor molecules and the non-heme iron. In isolated 
PSI! reaction centres, unlike their bacterial counter-parts, the binding of the 
quinones and non-heme iron is weak and they are lost during the isolation 
procedures. It is likely that other additional proteins are required in PSI! for the 
binding of these cofactors. A recent publilcation by Vermaas (1994) suggests 
Heliobacteria may be the common ancestor to all the photosynthetic reaction 
centres. A gene duplication and divergence, as discussed above, is suggested 
to have taken place to account for the dimeric nature of PSII, PSI and the 
bacterial reaction centres. 
The sequence homology of PSI! and the bacterial system has provided 
considerable insight to the structure and function of the PSI! in particular the 
acceptor side (Trebst, 1986; Michel, 1988). There are, however, structural 
variations that for example, give rise to a bicarbonate effect only in PSI! 
(Govindjee and van Rensen, 1993). The current PSI! reaction centre 
preparations contain 6 Chi a, 2 Pheo, 2 ~-carotene and one cyt bSS9 (Gounaris 
et a/. , 1990; Kobayashi et a/., 1990). Such preparations do not share the same 
number of pigments found in the purple bacterial system. The location and 
binding of the additional pigments in 01-02 are unknown and pro~uces a 
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-significant homology inconsistency. Another problem is the nature of the 
primary electron donor, P680. In the bacterial system the primary electron 
donor P870 is a dimer; however, in PSII the structure of P680 has been 
interpreted as either a dimer, a modified dimer or a monomer (Seibert, 1993). 
van Gorkon and Schelvis (1993) make a strong case for P680 being a dimer. 
The greatest difference between the 01-02 and L-M systems lies in the 
donor side. There is little sequence homology between the respective 
complexes because each catalyse an entirely different reaction: the purple 
bacteria contain a C type cytochrome as the electron donor and catalyse a 
cyclic electron flow, whereas PSII utilises a unique Mn containing complex and 
catalyse the oxidation of water. The differences between the two types of 
reaction centres have not prevented models for the PSII donor side from 
appearing (Svensson et al., 1990; Ruffle et al., 1992). In these models the Mn 
is associated entirely with the 01 and 02 proteins and there is no consideration 
to the possible involvement of other proteins such as CP47, CP43 or any of the 
low-molecular weight proteins in the structure. 
1.2.7 The Oxygen Evolving Complex 
1.2.7.1 The Mn Requirement 
The oxygen evolving complex (OEC) has remained one of the most 
intriguing, yet least understood components of PSI!. Functionally it has no 
equivalent in nature. The central component of the OEC is a cluster of several 
Mn ions (Cheniae and Martin, 1970; Yocum et al., 1981). The stoichiometry is 
widely believed to be four Mn ions per OEe but this is periodically questioned. 
Recently, Pauly and Witt (1992) obtained a stoichiometry of six Mn ions and 
claimed that earlier estimates had not taken into account inactive PSII centres. 
This claim has been questioned (Debus, 1992), as it remains uncertain whether 
inactive PSII centres lack bound Mn. It is suggested that inactive centres 
16 
-without Mn would have been detected in earlier work due to the accumulation 
of Y z+. Th is appears not to be the case (Berthold et al., 1 981). 
Surrounding the catalytic Mn ions is a protein matrix that provides the 
optimal binding environment. The maximum catalytic activity and efficiency of 
the OEC is strongly influenced by the integrity of the 16, 23 and 33 kDa 
extrinsic proteins which bind to the stromal side of PSII. The removal of the 16 
and 23 kDa proteins by washing with 1-2 M NaCI reduces the rate of O2 
evolution by 30-40% (Kuwabara and Murata, 1982, Akerlund et al., 1982; Miyao 
and Murata, 1983) but the activity can be completely restored with the addition 
of sufficient Ca2+ (Ghanotakis et al., 1984; Nakatani, 1984) or CI- ions 
(Andersson et al., 1984; Akabori et al., 1984). In contrast, the PSII complex of 
cyanobacteria appears to lack the 16 and 23 kDa extrinsic proteins (Steward et 
al., 1985) and instead contain a 12 kDa protein and cytochrome c-550 as 
analogous components (Shen and Inoue, 1993). 
The other important extrinsic protein is the 33 kDa component. The 33 
kDa extrinsic protein is more tightly associated with PSII than the 16 and 23 
kDa proteins but can be removed with 1-2 M 1 M CaCI2 or MgCI2 (Ono and 
Inoue, 1983, 1984; Kuwabara et al., 1985), 0.8 M Tris at pH 7.8 (Akerlund and 
Jansson, 1981; Yamamoto et al., 1981) or with high concentrations of urea 
(Miyao and Murata 1984a,b). In samples depleted of the 33 kDa protein the 
OEe is unstable, but O2 evolution can be restored to variable extents with the 
addition of high concentrations of CaCI2 (Miyao and Murata, 1984b; Ono and 
Inoue, 1984; Kuwabara et al., 1985; Bricker, 1992). Photosystem II samples 
depleted of the 33 kDa protein retain ;:::25% of the residual O2 evolution. It has 
been suggested that the low rate of O2 evolution is due to a remaining quantity 
of the 33 kDa protein (Camm et. al., 1987). However, recently Bricker (1992) 
extracted >99% of the 33 kDa protein and the PSII samples still retained 25% 
of the O2 evolution activity of the control. It is important to note that in these 
measurements O2 evolution was observed only in the presence of non-
physiological concentrations of Ca2+ and CI- ions. The role of calcium and 
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chloride is discussed in the next section. In the absence of CaCI2, samples 
depleted of the 33 kDa protein lose all O2 evolution activity and about two of the 
Mn ions from the OEC (Miyao and Murata, 1984b, 1985; Mavankal et al., 
1986). Because some Mn is lost this protein is often referred to as the Mn 
stabilising protein. In a reverse correlation the Mn cluster appears to facilitate 
the binding of the 33 kDa protein (Miyao and Murata, 1989; Kavelaki and 
Ghanotakis, 1991). 
Cyanobacterial deletion mutants of the 33 kDa protein have been made 
in Synechocystis sp. PCC 6803 (Philbrick et al., 1991; Burnap and Sherman, 
1991; Mayes et al., 1991) and in Synechococcus sp. PCC 7942 (Blockholt et 
al., 1991). These mutants assemble reduced levels of photochemically active 
PSI! centres, but are capable of performing O2 evolution suggesting that the 
cyanobacterial PSI! does not absolutely require the 33 kDa protein. The 
eukaryotic system may be different, however, because a deletion of the 33 kDa 
In the green algae Chlamydomonas reinhardtii completely blocks 
photoautotrophic growth and O2 evolution (Mayfield et al., 1987). 
1.2.7.2 Calcium and Chloride ions 
In addition to Mn ions it is widely recognised that Ca2+ and CI- ions are 
required for OEC activity. Atomic absorption measurements of PSI! membrane 
fragments identify 2-3 Ca2+ ions per reaction centre (Debus, 1992). Washing 
with 1-2 M NaCI and 1 mM EGTA (Cammarata and Cheniae, 1987) or 
10-20 mM sodium citrate at pH 3 (Ono and Inoue, 1988) removes all but one 
tightly bound Ca2+ ion. The tightly bound Ca2+ ion can be removed with more 
stringent conditions, typically 150 min incubation in 2 M NaCI with 1 mM EGTA, 
20 ~M of the ionophore A23187 and at pH 5 (Kalosaka et al., 1990). Based 
upon the observations that the Ca-depletion techniques result in a loss in O2 
evolution and that the addition of exogenous Ca2+ restores activity (Ghanotakis 
et al., 1984; Boussac et al., 1985; Cammarata and Cheniae, 1987), extensive 
hypotheses have been put forward concerning the involvement of C~2+ ions 
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with the Mn cluster in the OEC (Debus, 1992; Rutherford et aI., 1992). Binding 
sites and KM values have been proposed (Boussac et al., 1985; Cammarata 
and Cheniae, 1987; see also Debus, 1992) and numerous competition 
experiments with other cations performed (Bakou et al., 1992). Recently, 
however, the direct role of calcium in the OEC has been questioned. Work by 
Shen and Katoh (Shen et al., 1988; Shen and Katoh, 1991) has suggested that 
depletion of Ca2+ ions from PSII and the subsequent restoration procedures do 
not result in any rebinding of Ca2+ to PSII membranes. In this work PSII 
membranes were Ca2+ depleted using either NaCI or pH 3 treatment, 
II reconstituted II with exogenous Ca2+, and then subjected to a Chelex 100 
treatment to remove extraneous non-bound Ca2+. The results indicated that 
02 evolution was restored without the binding of Ca2+. At present these results 
are treated cautiously (Boussac and Rutherford, 1992) and further work is 
required to establish if Ca2+ ions do play a specific mechanistic or structural 
role in O2 evolution. 
Chloride is another ion proposed to have an essential role in the 02 
evolving process. Evidence for the role of chloride is derived from numerous 
experiments where the addition of CI- causes a restoration of the 02 evolution 
activity or EPR properties (Rutherford et al., 1992; Yocum, 1992). The chloride 
requirement for 02 evolution is typically induced by incubation of samples in CI-
free media at alkaline pH (Theg and Homann, 1982; Homann, 1985) or 
treatment with high concentrations (25-50 mM) of Na2S04 (Sinclair, 1984). 
Following CI- depletion , 02 evolution is depressed, but is partially restored with 
the addition of mM quantities of CI-. The effect is not as specific as the Ca2+ 
requirement because other anions can restore activity in the following order of 
efficiency: CI- > Br > N03- > 1-. Under mild CI- depletion procedures it has 
been proposed that there is an inhibition of the S3-7S0 transition with little effect 
on the S2-state multiline EPR signal (See 1.2.7.4.1): under more severe CI-
depletion conditions it is suggested that there is a more pronounced block at 
the S2-state (Rutherford et al., 1992). 
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At this point there is no direct spectroscopic evidence for CI- binding to 
the Mn cluster and the role of CI- as a cofactor in the water oxidation chemistry 
has been questioned (Wydrzynski et al., 1990; Lindberg et al., 1993). The final 
elucidation of a role for chloride or calcium may ultimately require X-ray 
crystallographic analysis of the OEC. 
1.2.7.3 Reactions Catalysed By The OEC 
The physiologically important reaction catalysed by PSI! is the oxidation 
of water to 02' The oxidation sequence is a four step oxidation (Section 1.4) 
(Kok et al., 1970); however the exact chemical mechanism of this process is 
currently unknown (Debus, 1992; Renger, 1993). Thermodynamic 
considerations suggest the mechanism of water oxidation would best occur via 
a single 4-electron concerted oxidation, or via two concerted 2-electron 
oxidation steps. The latter sequence is considered to be the more likely 
(Krishtalik, 1990). Water oxidation is believed to occur at the S4~SO transition 
and interpretations of UV absorption changes have been put forward to support 
this idea (Dekker, 1992), although the interpretations of the UV data have also 
been challenged (Debus, 1992). Mass spectroscopy has also been used to 
determine the site of substrate entry into the S-states and to detect partial H20 
oxidation products (Radmer and Olinger, 1986; Bader et al., 1987). The results 
of these experiments indicate that there are no non-exchangeable partially 
oxidised H20 intermediates before the S4 state. However, due to the time 
resolution of the experiments (::::30 s) it is possible that rapid isotopic exchange 
of oxygen atoms occurs which obscures the contributions of partially oxidised 
intermediates (Debus, 1992; Rutherford et al., 1992). 
The water oxidase enzyme has also been implicated in the formation of 
H20 2 (Schroder and Akerlund, 1986; Wydrzynski et al., 1989; Ananyev and 
Klimov, 1989), but at this stage it is unclear if the formation of H20 2 is a result 
of a putative peroxyl intermediate in the normal path to 02, or the product of an 
alternative water oxidation reaction (Hillier and Wydrzynski, 1993; Klim<?v et al., 
20 
1993). The water oxidase has also been implicated in a dark catalase reaction 
that involves the S-state cycling of PSII from S1~S-1 and S2~SO (Veith us and 
Kok, 1978, Mano et al., 1987; Taoka et al., 1993; Mano et al., 1993). Another 
catalase activity is associated with PSII that is cyanide sensitive (Frasch and 
Mei, 1987). This catalase activity can be removed with further detergent 
purification of PSI! to make core complexes (Frasch and Mei, 1987), and is 
likely to represent a catalase contamination from the peroxisome (K. Asada, 
personal communication). The H20 2 dependent O2 evolution reaction has also 
been found to catalyse the oxidation of some alcohols to aldehydes (Frasch 
and Mei, 1988). 
1.2.7.4. Structure Of the Mn Cluster 
At present the precise structure of the Mn cluster is unknown. Attempts 
to crystallise PSII to date have met with limited success. Therefore, in an 
attempt to determine the structure of the Mn complex other spectroscopic 
techniques have been applied. Up until recently many of these studies were 
open to contradictory interpretations; however, this now appears to be changing 
due to greater similarity between techniques for sample preparation and 
analysis. Two spectroscopic techniques that are particularly useful for the 
determination of structure and valence state of metal complexes are electron 
paramagnetic resonance (EPR) and X-ray absorption. 
1.2.7.4.1 EPR Studies 
The use of EPR IS highly suited to the study of photosynthetic 
membranes (Miller and Brudvig, 1991). Two main signals have been identified 
as arising from the Mn cluster. One signal is centred at g = 2, exhibits 
hyperfine structure with a pattern width of = 1700 gauss and is referred to as 
the S2-multiline signal (Dismukes and Siderer, 1981). A second signal, referred 
to as the "g 4.1" signal , is centred at g = 4.1, has a 320-360 gauss linewidth 
and shows no hyperfine structure in normal samples (Casey and Sau~r, 1984, 
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-Zimmermann and Rutherford, 1984). Both EPR signals are observable only at 
low temperatures « 35° K) and are believed to arise from the S2 state of the 
OEC. Model complexes that exhibit EPR signals similar to those obtained from 
PSI! suggest that the Mn ions are organised as spin coupled pairs via ).l-oxo, or 
possibly ).l-carboxylo bridging ligands. The minimal structural model would be a 
bridged Mn hetrodimer that differs in oxidation state by one. The best 
suggestion would be a Mn(III)-Mn(IV) dimer. 
1.2.7.4.2 X-ray Absorption Studies 
A second powerful spectroscopic technique for probing the Mn in the 
OEC is X-ray absorption. This technique is able to provide information about 
the ligand environment as well as the oxidation states. The extended X-ray 
absorption edge fine structure (EXAFS)- indicates that the Mn ions are in a 
homogeneous structure with 1-2 Mn-O ligands at 1.75 A and 2-4 Mn-N at about 
2 A. More distant interactions at 2.7 A are believed to be a Mn-Mn bond for 2 
or 3 Mn ions (George et al., 1989; Guiles et al., 1990; Penner-Hahn et al., 
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1990; Sauer et al., 1992). A less intense interaction at 3.3 A has also been 
observed (George et al., 1989, Penner-Hahn et al., 1990; Sauer et al., 1992) 
and is suggested to be an Mn-Mn interaction (Yachandra et al., 1993). The 
most distant interaction at 4.3 A may represent a Mn-Mn or Mn-Ca interaction 
(Penner-Hahn et al., 1990) 
In addition to the EXAFS, the structure and the point of inflection of the 
absorption edge can be measured. This is called X-ray absorption near edge 
structure (XANES). Such measurements can provide information about the 
oxidation state of the Mn ions in PSI! as a function of their S-state (Debus, 
1992; Rutherford et al., 1992). The most recent results indicate that a Mn 
oxidation state change occurs with each successive S-state advance, with a 
possible ligand-centred oxidation in the S3 state (Ono et al., 1992; Kusunoki et 
al., 1993). The Mn oxidation states as a function of S-state are suggested to 
be: 
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So = Mn(lIl, 111,111, IV) 
S1 = Mn(III,IV,III,IV) 
S2 = Mn(III,IV,IV,IV) 
S3 = Mn(IV,IV,IV,IV) or = Mn("I,IV,IV,IV).L + where L is a direct ligand to 
the Mn cluster. 
Several models have been developed from such information 
(Armstrong, 1992); however, considerably more information is required, 
particularly concerning the immediate ligands to the Mn before a precise model 
can be identified. The final determination may well have to await crystallisation 
of PSII and solving the three-dimensional crystal structure. 
1 .2.7.5 Location Of The Mn Cluster 
The location of the Mn ions within the protein matrix appears to be 
inequivalent, with two of the Mn ions more tightly associated with. PSI! than the 
other two (Kambara and Govindjee, 1985). The two weakly associated Mn ions 
can be dissociated from PSI! following treatments to remove the extrinsic 
proteins. The addition of 50 mM CaCI2 will prevent the loss of the weakly 
associated Mn ions by stabilising the interactions with the protein (Ono and 
Inoue, 1984; Miyao and Murata, 1984a,b; Kuwabara et al. , 1984). Estimations 
of the distance between P680, the Mn ions and the tyrosines Yo and Y z have 
been made from spectroscopic measurements. The distance between Yz and 
the Mn has been estimated to be 80-150 nm (Hoganson and Babcock, 1988; 
Baumgarten et al.,1990) and the distance between -Yo and the Mn ions is 
between 28-43 A (Evelo et al., 1989). Two recent models have attempted to 
place the Mn ions within a three dimensional structure of PSI! (Svensson et al., 
1990, Ruffle et al., 1992). Both models are based on the homology 
comparisons with the purple bacterial reaction centre (refer to section 1.2.6 for 
a discussion on the problems with such a comparison) and rely on distance 
estimations between the Mn ions and the tyrosine amino acids. 
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Currently the proteins involved in the ligation of the Mn cluster remain 
unknown. The smallest complex able to catalyse 02 evolution contains 8 
polypeptides (Tang and Satoh, 1985; Ikeuchi et al., 1985) and the further 
removal of proteins from this complex results in a loss of 02 evolution activity. 
This suggests that the Mn cluster may be bound or coordinated between a 
number of proteins components. Attempts to stabilise the Mn cluster by the 
use of oxidising procedures yielded the 33 kDa protein with ::::2 Mn ions bound 
(Abramowicz and Dismukes, 1984). A non-aqueous isolation procedure also 
gives rise to a 33 kDa protein with ::::2 Mn ions per protein (Yamamoto et al., 
1984). In both these situations, however, the association of the Mn is non-
catalytic in activity and may represent non-specific binding of Mn. 
Protein crosslinking experiments have also been used in an attempt to 
identify a Mn binding complex (Bowlby and Frasch, 1986; Mei et al., 1989). 
The smallest cross-linked product which retained Mn contains the 33 kDa 
protein, 01, 02 and an unidentified 34 kDa protein (Mei et al., 1989) and 
suggests that the ligands to the Mn ions are supplied by these four proteins. 
Protease treatment and the use of histidine and carboxyl modifying reagents 
have indicated at least four high-affinity Mn binding sites in the D1/D2/psbl/cyt 
bSS9 complex (Preston and Seibert, 1991). 
Site-directed mutagenesis in Synechocystis PCC 6803 has been used 
to examine practically every amino acid residue in the 01 and 02 proteins 
which can potentially coordinate Mn or Ca ions (Vermaas et al., 1990; Boerner 
et al., 1992; Nixon and Diner, 1992). At this stage, there are a number of 
candidates that may be involved in the binding of Mn: one amino acid from the 
02 polypeptide (Glu-70) and eight from the 01 polypeptide (Asp-59, Asp-61, 
Glu-6S, Asp-170, His-332, His-337, Asp-342 and Ala-344). Some of these 
amino acid residues appear critical for Mn ligation, but a number of these can 
be substituted and still retain some 02 evolution activity (Debus, 1992). These 
amino acids have been suggested to be involved in terminal coordination sites 
for the Mn ions. Most of ligands to the Mn remain to be discovered af)d future 
24 
work is currently investigating the involvement of the Chi a-binding proteins, 
CP43 and CP47 as there is evidence to suggest involvement of these proteins 
(Vermaas et al., 1993). 
1 .3 Research Outline 
Research with photosystem II is advancing, but there are a number of 
significant questions that have been long standing unknowns. Some of these 
are listed below (a longer list can be found in Renger, 1993): 
i) Which polypeptides ligate the Mn ions and how is the Mn cluster 
maintained during the water oxidation steps? 
ii) Can a Mn binding protein be isolated? 
iii) At what step in the S-state mechanism does substrate water bind 
and at which level is the peroxyl intermediate formed? 
iv) What is the precise role of Ca2+ and CI- ions? 
One feature that has never really been considered to date is that all 
photosynthetic studies have been performed in aqueous media. As a 
consequence the substrate water for PSI! remains essentially fixed at 
saturating levels. In this work I consider a novel approach to research in PSII. 
This is to manipulate the substrate concentration by the use of non-aqueous 
(anhydrous) solvents. 
The use of organic solvents for the manipulation of enzymes is a 
developing area, particularly in the field of biotechnology. The use of organic 
solvents to replace water might be considered to be an impossible task, 
particularly when one considers that all non-covalent interactions involved in 
determining protein formation do in some way involve water (Chang, 1981). 
Therefore, the replacement of water with non-aqueous organic solvents might 
be expected to confer substantial conformational alterations in the structure of a 
protein. Studies have indicated that this in not necessarily a concern as many 
enzymes are catalytically active in organic solvents (Klibanov, 1989,1990; 
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Dordick, 1989; Ryu and Dordick, 1993). It has even been suggested that all 
enzymes are active in organic solvents; it is simply a matter of establishing the 
appropriate organic solvent (Zaks and Klibanov, 1985). 
The reasons for studying enzymes in organic solvents may not seem all 
that apparent but the use of organic solvents has several advantages. Some 
benefits include increased thermal stability, increased solubility of non-polar 
substrates and shifts in thermodynamic equilibria of enzyme catalysed 
reactions. In addition some enzymes in organic solvents exhibit a dramatic 
shift in stereoselectivity for a particular product, thus allowing alternative 
synthesis reactions to occur in place of the hydrolytic reactions (Klibanov, 1989; 
Dordick, 1989). 
The advantage of working with PSII in organic solvents is that 
anhydrous conditions can be achieved. - By replacing solvent water with an 
organic solvent, the substrate water can be controlled to PSII which could 
potentially allow the KM of water oxidation to be determined. There is also the 
possibilities of generating a stable S4 state, or other higher oxidation state such 
as a IISSIl and determining if the S1-)S2-7S3 transitions require substrate water 
for advancement. If water could be added as a function of light flash, it might 
also be possible to determine at which S-state the substrate enters the 
oxidation sequence. Non-aqueous solvents also have the capability to protect 
from labile metalo-complexes from nucleophilic attack that occurs in aqueous · 
media. Therefore, this may provide the conditions needed to isolate stable Mn-
binding proteins and hence determine which proteins are involved in the 
assembly of the Mn cluster. 
The first extensive studies of enzymes in non-aqueous solvents began 
in the early 1980l s with Klibanovs1s group. This group has now established 
several criteria for organic solvent selection. Hydrophilic organic solvents are 
suggested to be better because enzymes normally contain a small number of 
bound water molecules (Zaks and Klibanov, 1988). The use of hydrophobic 
solvent removes these water molecules, and causes protein denatura~ion and 
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enzyme inactivation. A second suggestion has been to first Iyophilise (freeze 
dry) the enzyme at the pH corresponding to optimal activity. This then locks the 
enzyme in an optimal conformation. Importantly there is no driving force to 
change the ionisation state of the enzyme and they remain locked at maximum 
activity (Zaks and Klibanov, 1985). 
Based upon the above arguments my (thesis) research centred on 
identifying an appropriate organic solvent for use with PSII. A number of 
solvents were tested and one solvent, ethylene glycol, was found to be the 
most suitable for the manipulation of PSII membrane fragments. Outlined in 
Chapter 2 is the experimental basis for the selection of ethylene glycol and the 
effects of the solvent on pigment release and electron transfer activity. 
Chapter 3 describes the development of an assay for use with PSI! samples to 
determine peroxide formation after treatment of PSII with ethylene glycol and 
Chapter 4 reports the measurements of ~A830nm absorption changes to 
determine the electronic coupling between the reaction centre and the Mn 
centre of the OEC as a function of ethylene glycol treatment. Finally Chapter 5 
provides a summary of the results and future research directions that are 
required to establish ethylene glycol as an appropriate non-aqueous solvent for 
studies of Photosystem II. 
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Chapter 2 Biochemical Studies of Photosystem II in the Non-Aqueous Solvent 
Ethylene Glycol 
2.1 Introduction 
Photosystem II (PSI!) catalyses the light-driven oxidation of water to 
molecular oxygen. Thus far, all in vitro studies with PSI! enriched membrane 
samples have been carried out in aqueous media. As a consequence the 
concentration of the solvent water surrounding PSI! is kept constant near 55 M 
and studies determining the Km and Kcat of water oxidation are impossible. 
The use of aqueous buffer media, of course, has been designed to provide 
conditions close to the in vivo bathing medium in the chloroplast; however, the 
application of non-aqueous solvents will potentially provide a means to answer 
some of the questions about PSII and water oxidation that can not possibly be 
attempted in a aqueous media. This chapter outlines attempts to develop a 
non-aqueous solvent for the manipulation of PSI! membranes. 
The choice of a solvent to replace water is made difficult by the unique 
chemical and physical properties of water. Water is a small molecule with low 
viscosity and solvent properties determined by a combination of a high 
dielectric constant (=78.5) and a high polarity. The high dielectric constant 
means that water can readily dissociate ions into solution while the high polarity 
allows the solubilisation of polar molecules. In addition , water molecules 
provide a good solvent for the formation of membrane bilayers. This occurs 
spontaneously with ampipathic (lipophilic) molecules through a lowering of free 
energy (Chang, 1981). In a biological system it is the combination of these 
properties which allows for the compartmentation and rapid diffusion of small 
molecules needed in biological reactions. 
The application of non-aqueous solvents to PSI! membranes is a novel 
approach and there is little information about the effect such solvents have on 
PSI!. Organic solvents have been applied previously to other enzyme systems 
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(Dordick, 1989; Klibanov, 1990) and based on other studies (Zaks and Klibanov 
1985, 1988) a number of solvents were initially selected to use with PSI!. Many 
of these solvents turned out to be unsuitable because their original selection 
had been based on properties of small, typically hydrophilic enzymes. 
The initial criterion that I used to select an appropriate non-aqueous 
solvent for PSII was based on the extraction of the chlorophyll pigments. PSII 
complexes contain a large number of protein subunits, many with non-
covalently bound pigment molecules. The chlorophyll pigments are central to 
the function of the primary reactions in PSII and a depletion of these pigments 
often causes irreversible structural damage to the PSII complex. Solvents such 
as acetone and the short chain alcohols (ethanol and methanol) cause 
extensive depletion of chlorophyll and are typically used to extract pigments. 
These solvents were therefore not used. Instead various other hydrophilic 
solvents were examined, such as octanol, several aprotic solvents and various 
diols (glycols). Ethylene glycol was found to be the most suitable solvent tested 
because it solubilised the least chlorophyll and has physical and chemical 
properties similar to water. 
Section 2.2: Experimental 
2.2.1 Growth of Spinach 
Spinach (Yates #102) was cultured hydroponically in a controlled 
environment chamber (Thermoline) in order to produce material of consistent 
quality. Plants were grown under a 12 hr photoperiod at 22°C during the light 
and 15°C during the dark. Light at an intensity of 650 /J-mole quanta m-2 sec-1 
was provided by metal halide bulbs. 
Seedlings were first germinated In vermiculite for approximately 10 
days, then transferred to an aerated hydroponic system. Nutrients were 
provided by Hoagland's solution (Appendix I). The hydroponic solutions were 
refilled with demineralised water daily and replaced entirely after three weeks. 
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2.2.2 PSI! Preparations: Procedure #1 
Enriched PSII membranes were isolated according to Berthold et al. 
(1982). 500-700g of spinach leaves were washed and deveined. All 
subsequent isolation steps were then undertaken at 4°C under dim green light. 
The leaves were homogenised in a Waring blender (10 s on maximum speed) 
with 2.5 L of a buffer solution containing 20 mM Mes-NaOH (pH 6.0), 350 mM 
sorbitol, 15 mM NaCI and 5 mM MgCI2 The homogenate was filtered through 
two layers of gauze and two layers of nylon cloth (20 ~m mesh size) and then 
centrifuged for 5 min at 5,000 rpm in a Sorval GSA rotor. The pellet containing 
thylakoid membranes was resuspended to a chlorophyll concentration of 
2.5 mg ml-1 in a standard buffer medium (Buffer S) : 20 mM MES pH 6.0, 
400 mM sucrose, 15 mM NaCI and 5 mM MgCI2. The total volume (V) of the 
thylakoid suspension was then measured. Then V/4 ml of a 25% (v/v) Triton 
X-100 solution was then added to the thylakoid suspension dropwise over a 1 
min period. The 25% Triton X-100 solution was made up in 20 mM MES (pH 
6.0), 15 mM NaCI and 5 mM MgCI2 and provided a final detergent 
concentration of 5% at a chlorophyll concentration of 2 mg ml-1. The solution 
was stirred in the dark for 20 min, diluted to 400 ml with Buffer Sand 
centrifuged for 20 min at 20,000 rpm in a Sorval SS-34 rotor. The pellet 
containing the detergent solubilised PSII membrane fragments was diluted to a 
total of 400 ml with Buffer S to wash out residual detergent. The samples were 
spun at 20,000 rpm for 20 min and the pellets washed a second time in 200 ml 
of the same medium. The pellets were finally resuspended into a small volume 
«20 ml) of Buffer S and frozen as small beads that were formed by dropping 
the sample from a Pasteur pipette into liquid N2. The frozen samples were then 
stored at -70°C. 
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2.2.3 Non-Aqueous Preparations of PSI! 
Treatments of PSII material with non-aqueous solvents were performed 
at both ambient room temperature (20°C) or at 4°C. Mixtures of the non-
aqueous solvent (i.e. for most experiments, ethylene glycol, Fluka) and Buffer S 
were prepared, to which the thawed PSI! sample was added directly. When low 
temperatures were used, the solutions were first chilled before adding the PSII 
sample. Rigorous non-aqueous conditions were achieved by freeze-drying the 
sample and adding the Iyophilised material directly into the solvent. The PSI! 
samples were resuspended using a Teflon homogeniser. It was interesting to 
note that freeze-dried PSII samples retained very high activities upon 
rehydration, with 90-95% recovery compared with the undried control. 
Incubation of PSII in non-aqueous solvents was performed at 
concentrations of 100-250 lJg Chi ml-1. Treatments were usually carried out for 
20 min, after which the samples were returned to the aqueous Buffer S medium 
either by dilution or by centrifugation and resuspension. 
2.2.4 Gel Electrophoresis 
Denaturing SDS-PAGE was performed using a modified discontinuous 
PAGE system of Laemmli (1970). The gel system was prepared according to 
Inoue and Ikeuichi (1988) and contained 600 mM Tris-HCI (pH 6.8) instead of 
375 mM Tris as well as 7.5 M urea. The separating gel was made to have a 
linear gradient of 10-20% acrylamide, 0.27-0.53% Bis-acrylamide and 0-6% 
sucrose. The stacking gel contained 6% acrylamide and 7.5 M urea. Both the 
stacking and the separating gels contained 0.1 % SOS. 
Gel polymerisation was catalysed by the addition of 0.014% TEMED 
and 0.14% ammonium persulfate. The buffer system was the same as 
Laemmli (1970) and contained 192 mM glycine, 25 mM Tris and 0.1 % SDS. 
The sample material was solubilised for at least one hour in solubilising buffer 
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(5% liDS, 7.SM urea, 60mM Tris-HCI (pH 6.8), 100/0 glycerol) prior to loading 
onto the gel. 
The gels were run at room temperature overnight (::::14 hr) at 10-20 mA 
constant current. Electrophoresis was stopped when the free chlorophyll ran 
out of the gel. The gel was stained in Coomassie brilliant blue (R-250) for 1-2 
hours, then destained in 10% acetic acid and 50% methanol. The destained 
gel was dried to preserve the staining pattern. 
2.2.5 Oxygen Evolution 
Oxygen evolution was measured with a Hansatech O2 electrode at 
25°C using saturating red light (2000 ~mo l m-2s-1 with Wratten filter #29). 
Measurements were performed with 1 0-20 ~g Chi in 1 ml of Buffer S (pH 6.0). 
400 ~M 2,6-dichloro-p-benzoquinone (DCBQ) and 500 ~M K3Fe(CN)6 were 
used as artificial electron acceptors. 
2.2.6 DCPIP Photoreduction 
The photoreduction of 1,6-dichlorophenolindophenol (OCPIP) was 
measured spectrophotometrically using a Shimadzu UV-3000 difference 
absorption spectrophotometer. Saturating actinic illumination was provided by 
a 100 W xenon lamp filtered with a Corion LG-6S0 long wave filter (200 ~mol m-
2s-1 in the sample cuvette). The detector was protected from the actinic light 
using a Corion 600 nm interference filter. The assay was carried out in a 3ml 
fluorescence cuvette containing 50 ~M DCPIP and typically contained a 
chlorophyll concentration of 1 0 ~g ml-1. Buffer S was used at pH 6.0 for all 
measurements. The extinction coefficient at pH 6.0 was 13.3 mM-1 cm-1 and 
was calculated according to Armstrong et al., (1970). 
OCPIP photoreduction reduction was also determined in the presence 
of 200 ~M diphenylcarbazide (OPC). In PSII samples with inhibited OEC the 
addition of DPC can be used as an alternate electron donor. 
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2.2.7 Mn Determination by EPR 
The manganese content of the PSII samples was determined by EPR. 
Bound Mn was released by sample acidification in 300 mM HCI. The mobilised 
Mn was measured as the room temperature 6-line EPR signal and quantified by 
the addition of a standard concentration of MnCI2. This method measures the 
intensity of the six-line signal before and after the addition of a known 
concentration of Mn ions. 
Measurements were performed on a Bruker ESP 300E spectrometer 
(X-band 9.5 GHz). The operating conditions were: microwave power, 20 mW; 
modulation frequency, 100 KHz; modulation amplitude, 16 gauss; time 
constant, 630 ms; gain, 8.0 x 104. 
2.2.8 Spectral Analysis 
Room temperature chlorophyll absorption spectra were measured with 
a Shimadzu UV-3000 difference spectrophotometer in dual-beam mode. 
2.2.9 HPLC Analysis of Carotenoid Pigments 
The pigment composition of PSII samples was quantified using the high 
pressure liquid chromatography method of Gilmore and Yamamoto (1991). 
The pigment content of PSI! was first extracted into 100% acetone, diluted and 
then injected (20 IJI) to a Spherisorb ODS1 column (Altech Associates, Sydney, 
Australia). The 100% ethylene glycol supernatant was similarly diluted into 
acetone and injected. The initial flow rate of solvent A (Acetonitrile: Methanol: 
0.1 M Tris-HCI (pH 8.0) at 72:8:3) was 1 ml min-1. Four minutes after injection 
of the sample the flow was changed to solvent B (Methanol: Hexane at 4: 1) at 2 
ml min-1. Pigment concentrations were measured against known standards. 
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-Section 2.3: Results and Discussion 
2.3.1 Selection of a Non-Aqueous Solvent For PSII 
A number of organic solvents were tested for suitability to provide a 
non-aqueous medium for PSII. The aim was to establish a solvent system 
which caused minimal damage to the pigment bed and protein organisation of 
PSII. The initial criterion for the suitability of a solvent was pigment release. 
This v-Ias established by suspending PSII membranes in the pure organic 
solvent and then centrifuging the sample. Excessive loss of chlorophyll was 
taken as an indicator of irreversible damage to PSII. 
Initially the aprotic solvents dimethylsulfoxide, dimethylformamide, 
1,4-dioxane and acetonitrile were tested. These solvents were chosen largely 
on the basis of the work by Zaks and KI·ibanov (1985, 1988) who used them 
with small hydrophilic proteins. However, as shown in Table. 2.1, these solvents 
caused extensive pigment solubilisation with PSII membranes. Zaks and 
Klibanov also extensively used alkanes as solvents but these caused either 
extensive pigment release or were immiscible with water (data not shown). In 
an attempt to find a solvent that might be more similar to the lipophilic nature of 
PSII and miscible with water, the alcohols propane-1-01 and octanol were 
examined. The long hydrocarbon backbone of these molecules provides a 
hydrophobic region while the hydroxyl head provides a hydrophilic end. As 
shown in Table 2.1, the use of propane-1-01 and octanol did not result in the 
desired stabilisation of PSII pigments. The loss of chlorophyll caused by these 
alcohols, albeit less than the aprotic solvent, was significant and they appeared 
unsuited for the development of a non-aqueous solvent system. Longer chain 
alcohols C10-16 were also considered but these molecules are solid at room 
temperature. 
Of the solvents tested the most promising were the glycols: ethylene 
glycol (1,2-ethanediol) and glycerol (1,2,3-propanetriol). These solvents were 
initially selected because they have physical properties similar to water and are 
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often used as cryoprotectants at concentrations up to 30% by volume (Stewart 
and Bendall, 1981; Miyao and Murata, 1983). Upon exposure of PSI! to 100% 
glycerol the supernatant was virtually free of chlorophyll (Table 2.1). Glycerol , 
however, is very viscous and after centrifugation of PSI! in 1 00% glycerol the 
sample floats to the surface of the solution. For this reason glycerol was not 
considered further as a pure solvent. 
The most suitable solvent examined in this survey was found to be 
ethylene glycol. Upon exposure of PSII samples to ethylene glycol the 
supernatant was largely free of chlorophyll and a pellet could be obtained 
(Table 2.1). A yellow pigment component was found in the supernatant that 
was later identified to be a carotenoid. 
2.3.2 PSII Absorption Spectra in Ethylene Glycol 
Chlorophyll pigments absorb in the red and blue regions of the visible 
spectrum. Absorption in the red region (660-680 nm) corresponds to an 
electronic transition from ground state to the first excited singlet state S1 
(Sauer, 1975). Each electronic transition in a chlorophyll molecule can interact 
with electromagnetic radiation in two directions due to the dipole nature of the 
moleclular orbitals of chlorophyll. For example, the S1 transition of Chi a in 
acetone exhibits two trasitions, a major Oy at 663 nm and a minor Ox 578 nm. 
Higher energy transitions corresponding to absorption in the blue region of the 
visible spectrum (410-435 nm) generate the Soret band. The Soret band 
corresponds to energy transitions to the third and higher excited singlet states 
(S3-0Sn) of chlorophyll. Absorption to the second excited state (Oy = 600 nm) 
is unfavoured and is small. Typically higher energy states thermally deactivate 
to S1 where photochemistry is performed. Competing with photochemistry are 
several deactivation processes, one of which is fluorescence. 
Central to the electronic transitions of chlorophyll is the co-ordination 
status of the Mg ion in the phorphorin head. The Mg is ligated by solvent 
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Table 2.1 
Effect of various organic solvents on PSII samples 
Solvent Chlorophyll Pellet Viscosity 
loss obtained 
Dimethylsulfoxide (DMSO) Extensive Yes 
Dimethylformamide (DMF) Extensive Yes 
1 ,4-dioxane Extensive Yes 
Acetonitrile Extensive Yes 
2-propanol Some Yes 
Octan-1-01 Some Yes 
glycerol (1 ,2,3-propanetriol) Minimal No· High 
ethylene glycol (1 ,2-ethanediol) Minimal Yes Medium 
• In glycerol the PSI! "pellet" floats on the surface of the solvent after centrifugation. 
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molecules or protein depending upon its molecular environment. Shifts in the 
chlorophyll absorption bands can be interpreted as changes in solvent 
interactions and/or aggregation states of the chlorophyll molecules as induced 
by the local molecular environment. 
The basis for the selection of ethylene glycol as a non-aqueous solvent 
for PSII was that it extracted little chlorophyll. Spectral analysis of the ethylene 
glycol supernatant as a function of increasing ethylene glycol concentration is 
shown in Fig. 2.1. Less than 10% of the total chlorophyll was released in pure 
ethylene glycol (as shown by the small band at 680nm); however, significant 
quantities of carotenoid pigments were released. The carotenoid pigments are 
characterised by absorption peaks at :::::450 and 470 nm. In terms of pigment 
release, only high concentrations (>800/0) of of ethylene glycol resulted in a 
solubilisation of pigments from PSII This indicates that any structural and 
functional damage caused to PSII by the loss of the carotenoid pigments 
occurs only at high concentrations of ethylene glycol. 
Another important observation made upon treating PSII samples with 
ethylene glycol was that the chlorophyll Qy absorption band in PSII becomes 
blue-shifted (Fig. 2.2). Table 2.2 shows the position of the chlorophyll Qy 
absorption band for PSII membranes in aqueous buffer (680 nm) and 100% 
ethylene glycol (668nm). The :::::12 nm blue-shift of PSII samples on exposure 
to 100% ethylene glycol indicates that the environment of the chlorophyll is 
different in ethylene glycol to that in aqueous buffer. Furthermore, the position 
of Qy band of PSII in 100% ethylene glycol is the same as that of free 
chlorophyll in ethylene glycol: both are at 668 nm (Table 2.2). This could 
indicate that in 100% ethylene glycol the chlorophyll associated with PSII 
membranes exists in a similar aggregation state to free chlorophyll and may no 
longer be coordinated to the protein matrix. In this situation substantial release 
of chlorophyll might be expected, yet little is observed (Fig. 2.1). One possible 
explanation for this may be the hydrophilicity of the solvent. Ethylene glycol is a 
highly hydrophilic solvent and the chlorophyll molecules may remain IIbound ll to 
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Table 2.2 
Position of the Qy chlorophyll absorption band in various solvents 
Solvent 
Standard Buffer S 
100% ethylene glycol 
80% acetone in water 
PSII Membranes 
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680 nm 
668 nm 
664 nm 
Free Chlorophyll 
671 nm 
668 nm 
664 nm 
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Fig. 2.1. Staggered absorption spectra of supernatants following 
centrifugation of PSII samples suspended in mixtures of ethylene glycol and 
aqueous buffer medium. Chlorophyll concentration during treatment was 38 l-lg 
ml-1 . 
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Fig. 2.2. Staggered absorption spectra of PSII samples suspended in 
mixtures of ethylene glycol and aqueous buffer medium. 
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the protein because they partition into the more hydrophobic regions of the 
protein rather than partitioning into the hydrophilic ethylene glycol. 
Another explanation for this behaviour may be based upon the peak 
broadening of the chlorophyll Qy band. Based upon gaussian analysis it is 
suggested that there are a number of different chlorophyll spectral forms in PSII 
that overlap to produce the observed spectra (Butler and Hopkins, 1970; 
Zucchelli et al., 1992). The different chlorophyll forms arise from different 
populations of chlorophyll a molecules existing in differing local environments. 
Upon closer examination of the absorption spectra of PSII in ethylene glycol, 
the red band is considerably broadened when compared to that of PSI! in 
aqueous media (Fig. 2.2). A peak width at half maximum absorption (AY2) of 29 
nm is obtained in aqueous media and a AY2 of 34 nm in ethylene glycol. This 
suggests that ethylene glycol is not affecting all the chlorophyll molecules 
equally and possibly there is still protein interaction between the more 
hydrophobic chlorophyll molecules. The broadening and shift in peak 
maximum of the red band occurs mostly at ethylene glycol concentrations 
above 80%. This broadening and shift in peak maximum also obscures the Chi 
b peak at 652 nm (Fig. 2.2). It appears that the Chi b molecules do not 
undergo the same solvent induced blue shift. 
The Soret region of the spectra is also affected by increasing ethylene 
glycol concentrations. Small 2-3 nm red-shifts of the peaks at 470 nm and the 
apparent shift or disappearance of the peak at 486 nm is observed (Fig. 2.2). It 
is interesting to note that the loss or conversion of the 486 nm peak takes place 
at ethylene glycol concentrations above 50%, in contrast to the broadening and 
blue-shift of the red band which occurs at ethylene glycol greater than 80%. 
The solvent induced shifts of the chlorophyll absorption peaks indicate 
that there is a considerable alteration in the binding environment of the 
chlorophyll molecules in PSI! upon exposure to ethylene glycol. An important 
finding is that these effects are largely reversible upon return of exposed 
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a 
samples to aqueous media, i.e. the Qy peak shifts back to 680 nm (Fig. 2.3). 
However, there is some indication that the Chi b molecules may be irreversibly 
affected as the shoulder was not as resolved when compared to a sample 
before treatment (Fig. 2.3). The Soret region of the spectrum was mostly 
affected by the depletion of the carotenoid pigments. 
2.3.3 HPLC Analysis of Pigment Release 
The PSII pigments solubilised by ethylene glycol were identified and 
quantitated by HPLC analysis. The results are shown in Table 2.3 after 
extraction with 100% ethylene glycol. The extracted pigments consist mostly of 
the xanthophylls, neoxanthin and violaxanthin. After a single ethylene glycol 
treatment, 95% of the neoxanthin and 83% of the violaxanthin pigment is 
solubilised while a lesser fraction of lutein (30%) and a small quantity of 
chlorophyll (9%) and ~-carotene (1 %) are released. Interestingly the pigments 
are released according to the degree of hydrophilicity. Upon a second 
exposure of the PSI! sample to ethylene glycol, a proportionally similar loss in 
the pigments occurs. In this case, the final pellet contained 1.1 % neoxanthin, 
2.6% violaxanthin, 39.7% lutein, 83.3% of the total chlorophyll and 97.4% ~­
carotene (Table 2.3). In these measurements little zeaxanthin and 
antheraxanthin was detected; presumably because the spinach leaves were 
exposed to weak light resulting in the conversion of zeaxanthin and 
antheraxanthin to violaxanthin (Demmig-Adams, 1990). 
Since the initial criterion for the selection of a non-aqueous solvent for 
PSI! was a minimal pigment loss, it would appear that ethylene glycol is 
unsuitable, particularly since 95% of the neoxanthin is released. However, it is 
important that the ethylene glycol caused the releases of only :::::9% of the total 
chlorophyll after one exposure. The recent localisation of the xanthophyll 
pigments to the minor Chi alb proteins (CP24, CP26 and CP29) and the light 
harvesting complex (LHC) (Bassi et al., 1993) suggests that the loss of these 
pigments is probably not critical for the structure and function of the PSII 
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Table 2.3 
Extraction of pigments from PSII membrane fragments by successive 
treatments with 100% ethylene glycol 
Pigment Pigments remaining after ethylene glycol treatment (%) 
Extraction #1 Extraction #2 
Neoxanthin 5.3 1.1 
Violaxanthin 17.1 2.6 
Lutein 70.5 39.7 
Chlorophyll a+b 91.4 83.3 
~-carotene 98.9 97.4 
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reaction centre itself. Therefore, ethylene glycol may still be an appropriate 
solvent for the use with PSI! core and reaction centre complexes which do not 
have the LHC and minor Chi alb proteins. 
2.3.4 SOS-PAGE Polypeptide Analysis 
Polypeptide analysis using SOS-PAGE was undertaken to determine 
the effect of ethylene glycol exposure on the protein composition of PSI!. The 
results are shown in Fig. 2.4 and basically indicate that the three OEC extrinsic 
proteins of 16, 23 and 33 kOa are dissociated from the PSI! complex at 
ethylene glycol concentrations greater than 50%. The standard procedures to 
remove these proteins typically use 1-2 M solutions of divalent cations (Ca2+ or 
Mg2+) (Ono and Inoue, 1983) or 1 M Tris at alkaline pH (Yamamoto et al., 
1981). The release is related to ionic strength (Itoh and Uwano, 1986). 
Ethylene glycol treatment, therefore, represents another method for removing 
the extrinsic proteins. 
The dissociation of the three extrinsic proteins, however, is not uniform 
and varies with ethylene glycol concentrations, as evident in Fig. 2.4. In 600/0 
ethylene glycol only the 16 and 23 kOa are released; in 70-80% ethylene glycol 
there is a partial loss of all three extrinsic proteins; while in 90-100% ethylene 
glycol only the 33 kOa protein is removed. Such a protein release pattern is 
unusual because the standard treatments to remove the extrinsic proteins (Ono 
and Inoue, 1983; Yamamoto et al., 1981) always dissociate the 16 and 23 kOa 
proteins before the 33 kOa protein. The present work shows no evidence for 
the release of a 10 kOa protein which has been suggested to be associated 
with the binding of the 23 kOa protein (Ljungberg et al., 1986). 
Previous studies have indicated that the extrinsic proteins bind to PSI! 
In the order of the 33 kOa, 23 kOa and 16 kOa protein (Andersson and 
Akerlund, 1987; Miyao and Murata, 1989). In reconstitution experiments, Miyao 
and Murata (1989) found that in the absence of the 33 kOa protein there is only 
a low affinity, non-functional binding of the 23 kOa protein to PSI!; similarly, in 
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the absence of the 33 and 23 kDa proteins there is only a low affinity, non-
functional binding of the 16 kDa protein. Functional binding of the 16 and 23 
kDa proteins therefore requires the presence of the 33 kDa. These authors 
have hypothesised that the binding of the 33 kDa protein creates a binding 
domain for the 23 kDa protein by an alteration either to itself or to an intrinsic 
protein since these proteins do not associate with each other in solution. 
Similarly, the 16 kDa protein was suggested to bind to a site created by binding 
of the 23 kDa protein. 
In view of the above arguments, the exposure of PSI! to 100% ethylene 
glycol may cause the release of the 33 kDa protein with the 16 and 23 kDa 
proteins being retained bound in the low affinity (non-functional) binding sites. 
This implies that PSI! samples exposed to ethylene glycol concentrations 
greater than 800/0 will result in samples· with no 02 evolution (see Section 
2.3.5). On the other hand, the 16 and 23 kDa proteins may be able to remain 
bound to their functional binding domain (in absence of the 33 kDa protein) 
stabilised by solvent interactions from ethylene glycol. In either situation it 
would be interesting to investigate the neighbouring proteins to the 16 and 23 
kDa proteins under conditions when the 33 kDa protein is no longer associated. 
This could be achieved with the use of protein cross-linkers. It will also be 
interesting to consider in the future the manner in which the extrinsic proteins 
are released by ethylene glycol. The loss of extrinsic proteins could be 
mediated by a a number of factors including: (1) the denaturation of the protein 
by the solvent, (2) a partitioning effect of the protei~s into the (hydrophilic) 
solvent; or (3) changes in the dielectric of the solution. 
2.3.5 PSI! Photochemical Activity 
To determine the effects of the solvent on PSI! activity, 02 evolution 
was measured as a function of ethylene glycol concentration. PSI! membranes 
were exposed to increasing concentrations of ethylene glycol , pelleted by 
centrifugation and then resuspended in aqueous buffer medium in which the 02 
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Fig. 2.4. SOS-PAGE polypeptide analysis of PSII membranes after 
exposure to different concentrations of ethylene glycol and separation of pellet 
and supernatant following centrifugation. Samples were treated in ethylene 
glycol at 200 \-lg Chi ml-1 and 10 \-lg Chi was loaded from the pellet and 50 \-ll of 
the supernatant. Samples were solubilised for 1 hour at room temperature and 
loaded on a 10-20 % acrylamide gel with 7.5 M urea and run 14-16 hr. 
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measurements were made. The results are shown in Fig. 2.SA. The rates of 
O2 evolution remain unaffected by ethylene glycol concentrations below So%. 
However, at higher concentrations, 02 evolution rapidly decreases and is 
completely lost following exposure to 6SO/o ethylene glycol. The rapid loss in 02 
evolution between SO-6So/0 ethylene glycol is characteristic of thermal 
inactivation curves for PSI! (Thompson et al.,1989; Williams et al., 1992) and 
suggests that the loss of 02 evolution activity is a result of protein denaturation. 
This correlates well with the release of the 16, 23 and 33 kOa extrinsic proteins 
(Fig. 2.4) and it is likely that the removal of these proteins is the major reason 
for the inactivation of the OEC. The loss of O2 evolution was examined as a 
function of time but no real change in activity was observed during a two hour 
exposure to 4So/0 ethylene glycol (data n<?t shown). This indicates that there is 
not a progressive denaturation of the PSI! complex at the intermediate ethylene 
glycol concentrations. 
The question remains as to what is the effect of ethylene glycol on the 
other activities of PSII, i.e. the capability of charge separation and electron flow 
through the reaction centre. To answer this question, electron transport was 
measured using the spectrophotometric assay for the photoreduction of the 
artificial PSI! electron acceptor OCPIP. This was done both with and without 
the artificial PSI! electron donor OPC. 
The rate of OCPIP photoreduction was first determined following 
ethylene glycol exposure without OPC. This is shown in Fig. 2.SB. The rates 
exhibit a behaviour similar to that observed for O2 evolution (Fig. 2.SA), where 
the activity remains unaffected up to a concentration of So% ethylene glycol, 
and then undergoes a rapid decline between SO and 6So/0. The effect of adding 
OPC was quite different because of its capability to donate electrons after 
damage to the OEC. The behaviour of OCPIP photoreduction rates in the 
presence of OPC (OPC-OCPIP) is given in Fig. 2.Sc. The inhibition occurs at a 
higher ethylene glycol concentration than that with OCPIP alone and shows a 
curious "double-dip" curve. The first decrease in activity to about 60% of the 
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Fig. 2.5. Photochemical activity of PSI! membranes measured as a 
function of increasing ethylene glycol concentration following return of the 
sample to aqueous buffer. Rates of (A) DCBQ supported 02 evolution, (B) 
DCPIP photoreduction (H20-DCPIP) and (C) DCPIP photoreduction with the 
artificial E?lectron donor DPC (DPC-DCPIP). Symbols represent the different 
PSII preparations that were used: 02 evolution (8) (84+6), (8) (340+20) and 
(0) (386+14); H20-DCPIP reduction, (&.) (91 +7); and DPC-DCPIP reduction, 
(~) (80) and (+) (137+4). Maximum rates of activity are indicated in 
parentheses. Samples were treated in ethylene glycol , centrifuged and 
resuspended in Buffer S (20 mM MES-NaOH (pH 6.0) , 400 mM sucrose, 15 mM 
NaCI and 5 mM MgCI2)· 
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control levels, occurs at a concentration of 550/0 ethylene glycol. A small 
plateau is found between 65% to 80%, beyond which the DPC-DCPIP 
dependent electron transport declines to zero at 100% ethylene glycol. The 
first component of the double-dip curve follows the observed decline of the O2 
evolution activity and the plateau corresponds to the concentrations where the 
OEC complex is completely inactivated. It is possible that the DPC accessibility 
to its donor site(s) is improved in the plateau region (60-80%) due to the loss of 
the extrinsic proteins or of bound Mn which is known to compete with electron 
donation by DPC (Hsu et al., 1987). It is important to note that the final loss in 
DPC-DCPIP activity occurs after treatment at the ethylene glycol concentration 
range where the xanthophyll pigments are extracted. Studies with 
Scenedesmus obliquus have indicated the importance of xanthophylls in the 
photochemical assembly of PSII (Humbeck et al., 1989). 
2.3.6 Mn Content 
The loss of O2 evolution activity and the dissociation of the extrinsic 
proteins from PSII suggests that the OEC may be losing catalytic Mn. The 
levels of Mn bound to PSII were therefore measured as a function of increasing 
ethylene glycol concentration. The Mn content was determined by EPR for PSII 
samples suspended in solutions of increasing ethylene glycol concentrations 
and then for the same samples after resuspension in the aqueous buffer 
medium. The results are shown in Fig. 2.6. 
The control samples contained 4.43 Mn Ions / 220 Chi molecules. 
During exposure to ethylene glycol the Mn levels sharply decline at 
concentrations greater than 50%. This is the same region where the extrinsic 
proteins begin to dissociate (Fig. 2.4) and the region where the O2 evolution 
declines (Fig. 2.5A). This result is in agreement with the observations that a 
loss of the extrinsic proteins, particularly the 33 kDa protein , results in the 
destabilisation of the Mn cluster (Ono and Inoue, 1983; Miyao and Murata, 
1984a, b) It is most important to note that only part of the Mn (~2 Mn per PSII 
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Fig. 2.6. Top figure shows EPR scan of a PSI! sample and then the same 
sample after acidification to release Mn. Quantification of the Mn is achieved 
through comparison of the signal peak height with and without the addition of a 
known MnCI2 standard. The Mn content of PSI! membranes measured as a 
function of increasing concentrations of ethylene glycol is shown in the bottom 
figure. Values shown are the Mn content of PSII samples in the EG (e) and 
upon return to the aqueous buffer(.A.). Mn levels per PSII reaction centre were 
calculated based on a photosynthetic unit size of 220 chlorophyll molecules. 
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RC) is released by direct exposure to ethylene glycol. When the samples are 
returned to aqueous medium a further loss of Mn occurs. This is also shown in 
Fig. 2.6. Earlier reports have indicated a similar heterogeneity in the Mn, with 
approximately half of the catalytic Mn being more easily removed from PSI! 
(Ono and Inoue, 1984; Miyao and Murata, 1984a,b; Kuwabara et at., 1985). 
The data of Fig. 2.6 indicates that about 15% (z1 Mn ion per reaction centre) 
remains tightly bound, unsusceptible to the solvent exposure. This remaining 
Mn ion may represent a pool of Mn separate from the catalytic Mn ions. 
2.3.7 Stabilisation of PSI! Activity in Ethylene Glycol With Low Temperatures 
Since the aim of this work was to retain PSII structure and function 
following exposure to very low water concentrations in a non-aqueous solvent, 
the need to protect PSII from solvent induced inactivation is essential. The 
above data indicate that the progressive inactivation of PSII by ethylene glycol 
occurs in two steps: first, there is an inactivation of the OEC as measured by 
the loss of DCPIP photoreduction and O2 evolution activity and, secondly, there 
is the loss of electron flow through the reaction centre as measured by the 
DPC-DCPIP photoreduction activity. The inactivation of the OEC is most likely 
due to the release of the extrinsic proteins and loss of at least part of the 
catalytic Mn. The inactivation of electron flow through the reaction centre on 
the other hand may be due to more subtle solvent-induced conformational 
changes. Both of these types of structural damage may be temperature 
dependent. Therefore, O2 evolution activity was measured after ethylene glycol 
exposure in low and high temperature incubations. 
The effect of high temperature was determined by treating PSII 
samples with increasing concentrations of ethylene glycol, heating to 35°C for 5 
minutes and then returning the sample to ambient temperature (25°C) for 
measurement. The results are shown in Fig. 2.7. Under these conditions, PSII 
exhibits an increased sensitivity to ethylene glycol. The rates of O2 evolution 
rapidly decrease at concentrations just above 40% ethylene glycol and are 
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Fig. 2.7. Rates of 02 evolution from PSI! me-mbranes measured as a 
function of increasing ethylene glycol concentrations following incubation at 
different temperatures and return to aqueous buffer medium. PSI! membranes 
were treated at temperatures of 25o c(e) and 4°C(~). The 35°C (~ incubation 
was performed for 5 min and the sample returned to ambient temperature. 
Samples were treated at 250 Ilg Chi ml-1 and 10111 Chi was used in the 
determination of rates of 02 evolution. 
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completely inactivated by 60% (Fig. 2.7). The overall effect is to shift the 
inhibition curve to lower ethylene glycol concentrations. This indicates that the 
solvent induced structural changes are indeed temperature dependent. 
Contrary to the enhanced damage caused by high concentrations of 
ethylene glycol at elevated temperatures, it was found that low concentrations 
(30-40%) would protect PSI! from thermal damage. As shown in Fig. 2.7, a 
control sample in aqueous buffer looses 40% of its activity when heated to 
35°C, but in the presence of 30-40% ethylene glycol activity decreased by only 
10-15%. This stabilising effect may be related to the increase in the osmotic 
pressure of the solution upon the addition of 30% ethylene glycol (~15 MPa). 
Alternatively, it has also been suggested that polyols, such as glycerol and 
ethylene glycol, increase the hydrophobic interaction between proteins which 
increases structural stability (Stewart and Bendall, 1981). 
In another experiment, PSI! membranes were exposed to ethylene 
glycol at 4°C. These results are also shown in Fig. 2.7. In this case the 
inhibition curve shifts to higher ethylene glycol concentrations such that half of 
the O2 evolution activity remains at 70% ethylene glycol as compared to 60% at 
25°C, and 40% at 35°C. Thus, lower temperatures do stabilise PSI! activity 
from solvent induced inactivation. These results imply the possibility of further 
stabilising PSI! through the use of subfreezing temperatures in pure ethylene 
glycol or with mixtures of other solvents. A mixture of ethylene glycol and 
glycerol was used previously to measure P680+ reduction at temperatures 
below O°C (Eckert et al. ,1988). 
2.3.8 Stabilisation of PSI! Activity in Ethylene Glycol With Co-solutes 
Another approach to stabilise PSI! against solvent induced structural 
damage is to minimise protein denaturation through the addition of various 
compatible solutes, such as trimethylamine-N-oxide (TMAO) and glycine 
betaine (Somero, 1992; Timasheff, 1992). These compatible solutes were 
originally identified from organisms that had evolved to cope with water stress 
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conditions. The use of glycine betaine has been found to stabilise the 02 
evolution activity at elevated salt concentrations (Papageorgiou et al., 1991; 
Murata et al., 1992; Homann, 1992) and the binding of Mn ions in the absence 
of the extrinsic proteins (Mohanty et al., 1993). In addition, CaCI2 may also be 
used since it is known to restore 02 evolution activity in PSII samples lacking 
the 33 kDa protein (Ono and Inoue 1984). 
A preliminary investigation was made to establish if either 1 M glycine 
betaine, 1 M TMAO or 100 mM CaCI2 had any effect on the 02 evolution 
activity of PSII samples treated with 70% ethylene glycol. At room temperature 
there was no clear difference between the control ethylene glycol treated 
samples and those with glycine betaine or TMAO (data not shown). But at low 
temperature (4°C) 1 M glycine betaine was able to significantly preserve the 
rates of 02 evolution while 100 mM CaCI2 by itself exhibited a smaller effect. 
The results are shown in Table 2.4. In the absence of glycine betaine, PSII 
treated with 70% ethylene glycol retains only 50% of its original activity. In the 
presence of 1 M glycine betaine, 80% of the control activity remains. Thus, 
glycine betaine is capable of preserving the 02 evolution activity and, therefore, 
minimises solvent-induced denaturation of PSII. 
The effect of glycine betaine over the full ethylene glycol concentration 
range was examined. This is shown in Fig. 2.8. At 4°C, 02 evolution is 
inhibited above 50% ethylene glycol; however, unlike measurements performed 
in the absence of glycine betaine, the activity declined only gradually such that 
25-30% of the control activity is retained after exposure to 100% ethylene 
glycol. This is a remarkable result and indicates for the first time that 02 
evolution can be preserved after a treatment which removes essentially all the 
water surrounding PSII. The actual rate of 02 evolution under these conditions 
was 111 + 27 (n = 10) l-lmol mg Chl-1 hr1. In a subsequent experiment the 
combination of both 100 mM CaCI2 and 1 M glycine betaine was able to 
stabilise 02 evolution activity such that after 100% ethylene glycol treatment, 
50% of the control activity was retained (data not shown). 
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Table 2.4 
O2 evolution activity after treatment of PSII samples with 70% ethylene glycol in 
the presence of various co-solutes at 4°C 
Sample Activity Activity as Activity as 
(~mol O2 mg percentage of percentage of 70% 
Chl-1 ml-1) control EG treated sample 
Control 497 100% 
70% EG treated 247 49% 100% 
+ 1 M TMAO 145 29% 59% 
+ 1 M Betaine 397 80% 161% 
+ 100 mM CaCI2 300 600/0 121 % 
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Fig. 2.8. Rates of 02 evolution activity of PSII samples measured as a 
function of increasing ethylene glycol concentrations in the presence of 1 M 
glycine betaine at 4°C. Samples were treated at 250 ~g Chi ml-1 in ethylene 
glycol mixtures for 5-10 minutes and 1 0 ~g Chi was used for measurement of 
02 evolution activity in aqueous Buffer S. 
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The stabilisation of proteins that is found to occur with the addition of 
certain osmolytes has been explained from a thermodynamic point of view by 
Timasheff and co-workers (Low and Timasheff, 1981; Arakawa and Timasheff 
1982a,b; 1984a,b; 1985a,b; Timasheff 1992). According to this model the 
addition of solutes to a protein can either lead to the stabilisation of the protein 
through preferential exclusion of the solute, or to the destabilisation of the 
protein through the preferential binding of the solute to the protein. A 
destabilisation of a protein occurs with the addition of solutes such as urea or 
guanidinium salts which bind to polar amino acid residues and distorts the 
tertiary structure of the protein. This in turn causes further exposure of polar 
,. amino acid residues and further protein denaturation. Protein stabilisation 
according to the Timasheff model is more complicated and depends upon 
thermodynamic factors that lead to the preferential exclusion of a solute from a 
protein. To put it another way, the preferential hydration of a protein occurs. 
The Timasheff preferential exclusion model has been used to explain 
the enhanced stabilisation of PSII with the addition of various osmolytes such 
as sugars and polyols (Homann, 1992; Williams and Gounaris, 1992; Williams 
et al., 1992). The direct stabilisation of O2 evolution activity during salt 
incubation has also been explained by the Timasheff model (Stamatakis and 
Papageorgiou, 1993). However, the observations made in this work with 
ethylene glycol and glycine betaine can not be accounted for by the preferential 
-
exclusion of a solute from a protein. In 100% ethylene glycol water is entirely 
replaced as the solvent and 02 is irreversibly inhibited, yet the addition of 1 M 
glycine betaine prevents some 25% of 02 evolution activity being lost. Clearly 
then, if of protein stabilisation was due to the preferential exclusion of a solute, 
in this case glycine betaine, there should have been no effect. As there was an 
effect, it suggests that the glycine betaine is in some way interacting directly 
with the proteins of PSII in order to stabilise the structural conformation and 
hence activity of PSI/. 
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A similar problem with the Timasheff model has been raised by 
Stamatakis and Papageorgiou, (1993) when they found that O2 evolution after 
NaCI treatment could be stabilised by glycine betaine but not glycerol. These 
authors raise the point that the Timasheff theory only considers the 
concentration terms and partial specific volumes In the thermodynamic 
arguments and ignores properties such as surface charge which may be 
important for glycine betaine, a zwitterionic molecule. Future investigations 
with glycine betaine might involve the determination of the pH dependence for 
protein stabilisation. 
2.4 Summary of Results 
Ethylene glycol as a solvent causes minimal chlorophyll release from 
PSII membranes. Changes in the chlorophyll spectral properties by ethylene 
glycol are largely reversed upon return to aqueous buffer medium, indicating no 
major irreversible damage is done by the solvent. Upon increasing 
concentrations of ethylene glycol, O2 evolution activity is inhibited, beginning at 
concentrations greater than So%, and is lost entirely at 6So/0. The loss in O2 
evolution appears to be a consequence of the removal of the three extrinsic 
proteins of PSII and the subsequent loss of Mn ions. At higher concentrations 
electron transport through the reaction centre is lost and there appears to be no 
photochemical activity after exposure to 100% ethylene glycol. It was found 
that low temperatures and the addition of the co-solute glycine betaine could 
minimise ethylene glycol induced structural damage and maintain O2 evolution 
to 2So/0 of the control activity even after exposure to 100% ethylene glycol. 
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Chapter 3 Detection of Peroxide Formation in Ethylene Glycol Treated 
Photosystem II Samples 
3.1 Introduction 
The formation of free hydrogen peroxide by the donor side of PSII has 
important implications with regard to the mechanism of water oxidation. Indeed 
a peroxyl intermediate may well be produced during the four electron oxidation 
of water, when the 0-0 bond is first formed (Renger, 1978); however, the life-
time of the peroxyl intermediate may be so short that it can not be observed. It 
is also possible that the formation of peroxide may result from an altered water 
oxidation sequence. The Mn ions involved in the catalysis of water oxidation 
acquire considerable oxidising potential during the reaction sequence and the 
possibility exists that a two electron oxidation of water may occur as a side 
reaction (Wydrzynski et al., 1989; Hillier and Wydrzynski, 1992). In this case, it 
has been argued that alternativly water oxidation products occur as a result of 
increased substrate accessibility upon perturbation of the proteins surrounding 
the Mn ions. 
Several publications have indicated that PSII can produce free H20 2 . 
The conditions that lead to this peroxide formation generally involve alterations 
to the proteins of the OEC and include salt washing of PSII (Schroder and 
Akerlund, 1986), low sucrose concentrations (i.e. low osmotic potential) 
(Wydrzynski et aI., 1989), ageing of the samples (Ananyev and Klimov, 1989), 
treatment with lauroylcholine chloride (LCC) (Ananyev et al., 1991), and low 
chloride concentrations (Fine and Frasch, 1992). These treatments have been 
referred to as conditions that affect the integrity of the Mn binding domain 
(Debus, 1992). 
The formation of H20 2 by PSII has been determined previously by the 
use of two assays. The first and most common assay measures H20 2 by 
increases in amperometric O2 signals in the presence of catalase. The 
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quantification of H20 2 is determined by differences in the rates of 02 evolution 
measured in the presence and absence of catalase (Schroder and Akerlund, 
1986; Wydrzynski et a/. J 1989). 
<catalase> 
A second means of measuring H20 2 is by a horseradish peroxidase 
(HRP) coupled assay. HRP catalyses the univalent oxidation of an electron 
donor (AH2) with the consequent reduction of hydrogen peroxide to water. The 
primary radical product AHe is generated twice and disproportionates to form 
the stable oxidation product A: 
<HRP> 
-----0-7 
--------7 
+ 
+ 
The HRP assay has been successfully used with the luminol molecule as an 
electron donor (Ananyev and Klimov, 1989; Klimov et a/. J 1993). In this case 
the H20 2-induced oxidation of luminol is measured as an increase in a 
luminescent signal arising from AHe. In essence, HRP catalyses the same 
reaction as catalase: the catalase enzyme is in fact a specialised form of 
peroxidase. 
In other HRP coupled assays, the oxidation of a colourless electron 
donor (in the presence of H20 2) is used to generate a chromophore that can be 
monitored spectrophotometrically. These reactions have many variations 
depending on the electron donor used but to date none have been found which 
are compatible for use with PSII. The combination of PSII electron acceptors 
and peroxidase donor molecules results in the chemical oxididation of the 
electron donor. This occurs in the absence of HRP and thus interferes with the 
assay. 
In this part of my thesis, I developed an assay for the detection of 
peroxide generation by PSII that is compatible with a PSII electron acceptor. 
The assay is based on the one designed by Ngo and Lenhoff (1980) and 
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involves the HRP-catalysed oxidation of 3-dimethyl-2-benzothiazolinone 
I hydrazone (MBTH). The oxidised MBTH then reacts with 3-( dimethylamino) 
, 
benzoic acid (OMAB) to form a chromophore, thought to be an indamine dye. 
The assay is potentially very sensitive and can detect the formation of a few 
nmoles of H20 2. The PSI! electron acceptor suitable for steady state 
measurements was 2,6-methyl-p-benzoquinone (OMBQ-6). The assay was 
then used to detect peroxide formation by PSI! after various treatments 
including, ethylene glycol treatment. 
3.2 Experimental 
" 3.2.1 Sample Preparation and Treatments to Induce Peroxide Formation 
Standard PSI! enriched membrane fragments were made as described 
earlier (Chapter 2, section 2.2.2). Before use, the PS II stock sample was 
thawed and treated to induce peroxide formation at approximately 0.1 mg Chi 
ml-1 under the following conditions: 1 M CaCI2, 300 mM sucrose, 10 mM NaCI 
and 20 mM MES-NaOH (pH 6.0) (Ono and Inoue, 1984); 1 M NaCI (Andersson 
et a/' J 1984); lauroylcholine chloride at a ratio of LCC:Chl = 3:1 in 10 mM NaCI, 
20 mM and MES-NaOH (pH 6.0) (Ananyev et a/' J 1992); 5 mM NH20H in light 
or dark (Tamura and Cheniae, 1987); 1 M Tris-HCI (pH 8.2) (Yamamoto et a/' J 
1981); and mixtures of ethylene glycol and standard Buffer S medium as 
described in section 2.2.3. All treatments except ethylene glycol exposure were 
carried out for 20 minutes on ice in the dark and the samples were then 
centrifuged at 13,000 x g for 15 minutes, washed and finally resuspended in 
Buffer S medium. The ethylene glycol samples were incubated at room 
temperature. Control samples were carried through the same incubation and 
wash procedures, but without exposure to elevated CaCI2, NaCI, LCC, or 
ethylene glycol concentrations. Chlorophyll concentrations were determined by 
the method of Porra et a/. (1991). 
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3.2.2 Spectrophotometric Assay for Peroxide Formation 
Peroxide formation from PSII was detected 
spectrophotometrically with a horseradish peroxidase (HRP) coupled reaction 
between 3-dimethyl-2-benzothiazolinone hydrazone (MBTH) and 
3-(dimethylamino)benzoic acid (OMAB) (Ngo and Lenhoff 1980). Light-induced 
absorption changes at 600 nm due to indamine dye formation were recorded 
with a Shimadzu UV-3000 difference absorption spectrophotometer. It is 
important to note that illumination with red light was used in these 
measurements because quinone autoxidation in white (or blue light) generates 
a large background reaction. Saturating red actinic light (1200 ~mol m-2s-1 in 
the sample cuvette) was provided by a -100 W xenon lamp equipped with a 
Corion LG-650 long wave filter. The detector was protected from the actinic 
light using a Corion 600 nm interference filter. The assay was carried out in a 
fluorescence cuvette containing a 3 ml reaction mixture consisting of 0.1 mM 
MBTH, 5 mM OMAB, 0.25 mM 2,6- dimethyl-p-benzoquinone (DMBQ-6) and a 
sample concentration of 1 0 ~g Chi ml-1 in the Buffer S medium at pH 7.0. In 
the assay, the same buffer medium was used as for sample suspension except 
that HEPES-NaOH was substituted for MES-NaOH. The light-induced 
absorption change was measured in the presence of 3 units of HRP. 
3.2.3 Determination of Extinction Coefficients 
The extinction coefficient for indamine dye formation was calculated in 
MES-NaOH buffer at pH 6.0 and pH 6.5 and in HEPES-NaOH buffer at pH 7.0 
and 7.5. Addition of 15-30 ~M H20 2 was provided by the glucose oxidase 
catalysed oxidation of glucose. The stoichiometry is such that the oxidation of 
one molecule of glucose generates one molecule of H20 2. The concentration 
of glucose oxidase was 8 units ml-1 and samples were incubated for 15 min at 
35°C to complete the reaction. The blank was measured in the absence of 
glucose. The extinction coefficient (£) was determined according to the Beer's 
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law: A = £ X I x c, where A is the relative absorption, I the path length of the 
cuvette and c the concentration of H20 2 . 
Section 3.3: -Results and Discussion 
3.3.1 Development of Assay Conditions 
The first work with the horseradish peroxidase/MBTH/DMAB reaction 
(or HMD assay) began with a search to find a suitable PSII electron acceptor 
that did not oxidise the peroxidase electron donor MBTH. This was necessary 
in order to measure the steady state rates of peroxide formation by PSI!. The 
following PSII electron acceptors were examined: 
• 2,6-dichloro-p-benzoquinone (DCBO) 
• 2,5-dimethyl-p-benzoquinone (DMBO-5) 
• 2,6-dimethyl-p-benzoquinone 
• phenyl-p-benzoquinone 
(DMBO-6) 
(PPBO) 
• potassium ferricyanide (FeCN) 
• silicomolybdate, and 
• 2,5-dibromo-3-methyl-6-isopropyl-p-phenylenediamine (DBMIB) 
Of these, only DMBO-6 and DBMIB were found to be suitable electron 
acceptors. The other electron acceptors chemically oxidised the MBTH and 
caused saturation of the assay in the dark. Subsequently, it was found that 
DMBO-6 was the better PSII electron acceptor for this -assay since it supported 
rates approaching twice that obtained with DBMIB. 
The effects of MBTH and DMAB on PSII were also examined; neither 
100 lJM MBTH-6 or 5 mM DMAB affected steady state rates of 02 evolution. 
3.3.2 Background Reactions 
The measurement of peroxide formation by PSII was complicated by 
background reactions in the assay. With the spectrophotometer in single beam 
mode and in the absence of a PSII sample, a small background reaction 
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resulting from the formation of indamine dye was found. This background 
reaction was due to a small rate of DMBQ-6 induced oxidation of MBTH. Under 
illumination with actinic light, the rate of dye formation increased. This light-
induced reaction appeared to occur only under illumination with white or blue 
light; when red light was used, the light-induced background reaction was 
negligible. It is likely that the reaction in blue light is due to a light-induced 
autoxidation of the quinone (DMBQ-6) and subsequent reaction with MBTH. A 
further background reaction was also detected when PSII samples were added 
in the dark. At this time, however, the origin of this reaction is unknown. It 
appeared to be dependent on the presence of the DMBQ-6 acceptor and may 
represent a small oxidation of DMBQ-6 by the PSII sample in the dark. 
In order to remove the background reactions, the spectrophotometer 
was placed in the double-beam, difference mode with PSII samples in both the 
sample and reference cuvettes. All background reactions caused by PSI! and 
DMBQ-6 in the dark were then cancelled out while the background reaction 
during actinic illumination was minimised with the use of red light. The light-
induced signal measured under these conditions is thus expected to be due 
solely to the photo-formation of peroxide by PSI!. 
Upon illumination of a control PSI! sample in the presence of 250 ~M 
DMBQ-6 and in the presence of HRP and detector molecules, an absorption 
increase at 600 nm is observed. This is shown in Fig. 3.1, trace 2. In the 
absence of a PSII electron acceptor there is no light-induced dye formation 
(Fig. 3.1, trace 1). Furthermore, the light effect is totally inhibited by 20 ~M 
DCMU (Fig. 3.1, trace 4), showing that the absorption increase is mediated 
solely by PSII electron transport. The extent of the absorption increase varies 
with different sample preparations, apparently depending upon the integrity of 
the sample (refer to the differences in the control samples in Tables 3.1 and 
3.2). For a PSII sample whose integrity was purposely disrupted by 1 M CaCI2 
treatment (CaCI2-PSII) to remove the 16, 23 and 33 kDa extrinsic proteins, a 
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Fig. 3.1. Absorption measurements reflecting H20 2 formation using the 
HMO assay. The conditions for the HMO assay were 0.1 mM MBTH, 5 mM 
OMAB and 1 unit ml-1 of HRP. Various additions were made to samples in the 
dark and the light-induced rates measured. 
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large increase in the light induced signal occurs (Fig. 3.1, trace 5); however, the 
overall rates are low, at 10-15 jJmol H20 2 formed per mg Chi per hr. 
3.3.3 pH Optimum of Peroxide Formation 
Based on the results of Fine and Frasch (1992), the H20 2 formation by 
PSI! is likely to be pH dependent. The pH dependence of the HMO assay was 
measured in the standard buffer medium at pH 6.0 and 6.5 using 20 mM MES-
NaOH and at pH 7.0 and 7.5 using 20 mM HEPES-NaOH. The results are 
shown in Fig. 3.2. The measurements for both control and CaCI2-PSII samples 
indicate that the formation of H20 2 increases by a factor of approximately 2 as 
the pH is increased from 6.0 to 7.0 (Fig. 3.2). As both of the samples exhibited 
a similar increase in activity, the pH effect is unlikely to be due to the treatment 
of the sample. 
In addition to H20 2 formation, the pH effect on 02 evolution was also 
measured using the same samples with 250 jJM OMBQ-6 as the electron 
acceptor. The results are shown in Fig. 3.3. OMBQ-6 supported lower rates of 
02 evolution than what is observed with OCBQ and is related to the lower 
efficiency of OMBQ-6 as an electron acceptor for PSII. The rates of O2 
evolution for the control sample (Fig. 3.3) shows a steady decrease in activity 
as the pH is increased from 6 to 7.5; however, CaCI2-PSII samples appear to 
be unaffected by increasing pH, probably due to low overall rates of O2 
evolution. Upon addition of 20 mM CaCI2 to the samples, the rates of 02 
evolution increase but the extent of the increase is less at high pH values for 
CaCI2-PSII samples. The increase in O2 evolution activity in the control sample 
with the addition of 20 mM CaCI2, indicated that there was possibly some 
damage to the sample initially (Fig. 3.3). Since there was little difference 
between the rates of H20 2 formation at pH 7 and 7.5 (Fig. 3.2), and the rates of 
02 evolution at pH 7 was greater than at pH 7.5 (Fig. 3.3), a standard pH of 7.0 
was used in all subsequent peroxide measurements. A pH of 7.0 is close to the 
optimum pH of 7.2 reported for PSI! core preparations (Fine and Frasch, 1992). 
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Fig. 3.2. Rates of H20 2 formation measured as a function of pH for 
control (8) and CaCI2-PSIl samples (0). The assay contained 0.1 mM MBTH, 
5 mM DMAB, 1 unit ml-1 HRP, 10 lJg Chi and 250 lJM of DMBQ-6 as a PSII 
electron acceptor. 
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3.3.4 Determination of the Extinction Coefficient 
To quantify the rates of peroxide formation, the extinction coefficient is 
required. The published value of 33.4 mM-1 cm-1 (Ngo and Lenhoff 1980) was 
used initially but since this was determined under different assay conditions, the 
value was recalculated. An accurate method for generating H20 2 is to add a 
standard of glucose in the presence of the enzyme glucose oxidase. This 
procedure was used to obtain extinction coefficients at pH 6.0, 6.5, 7.0 and 7.5. 
As shown in Fig. 3.4, the values are between 19 and 25 mM-1 cm-1. The data 
suggest a pH dependence of the extinction coefficient but further work is 
needed to establish the overall behaviour. 
The extinction coefficient for dye formation in the HMO assay was 
calculated to be 24.9 mM-1 cm-1 at pH 6.5. This was a much lower value than 
the 33.4 mM-1 cm-1 obtained by Ngo and Lenhoff (1980). The difference may 
be due to the way the authors determined their value. In their work, Ngo and 
Lenhoff (1980) used a reference blank that was a simple glucose blank. In this 
work, the reference blank was performed without glucose but with the glucose 
oxidase enzyme since there is a slow reaction between glucose oxidase and 
HRP that results in the formation of a small, but significant, amount of indamine 
dye. This reaction occurs in the absence of glucose and is possibly due to a 
slow oxidation of contaminating monosaccharides in the standard buffer 
medium. When the background reaction is ignored, !he extinction coefficient 
obtained is similar to the one determined by Ngo and Lenhoff (1980). 
3.3.5 PSII Acceptor Concentration 
Following establishment of the pH optimum for H20 2 formation by PSII, 
the optimal concentration of the electron acceptor DMBQ-6 was determined. 
This is shown in Fig. 3.5. The saturating concentration of DMBQ-6 for the 
formation of H20 2 in CaCI2-PSII samples is 250 IlM and this was used in all 
subsequent measurements. It was important not to go beyond saturation in 
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oxidase and glucose in the HMO assay conditions. 
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order to minimise a small background reaction between DMBQ-6 and the HMO 
assay. High concentrations of DMBQ-6 result in enhanced noise in the 
measurements. 
3.3.6 Peroxidase Activity of PSI! 
During the characterisation of the HMO assay the rate of peroxide 
formation by PSII was measured in the absence of HRP. Unexpectantly this 
caused only a small reduction in the overall light-mediated rates of dye 
formation. For a control sample the rate decreased by only 10% and this 
relative decrease was the same for CaCI2-PSI! samples. The implication of this 
result is that PSII has an inherent peroxidase activity and is capable of using 
H20 2 as a H-acceptor and MBTH as a H-donor. Further evidence for this was 
obtained when exogenous H20 2 was added to PSII samples in the absence of 
HRP; then there was a large increase in the light-induced rates of dye 
formation. The PSII-mediated peroxidase activity, however, was not saturating 
because the addition of HRP always increased the light-induced rates by at 
least 10% • 
Photosystem II has been reported to contain a catalase activity which 
apparently involves a two electron reduction of the S-states, from S1 to S-1 and 
S2 to So (Velthuys and Kok, 1978, Mano et al., 1987; Taoka et al., 1993; Mano 
et al., 1993). In addition, PSII samples often contain a catalase activity that is 
cyanide sensitive (Frasch and Mei, 1987). This activity can be largely removed 
during the preparation of PSII core complexes (Frasch and Mei, 1987) and may 
be derived from a contaminating catalase released from the peroxisomes 
during the preparation of PSII membranes (K. Asada, pers. comm.). The 
finding of a peroxidase activity in PSII has not previously been reported. It 
therefore appears that PSII has both peroxidase and catalase activity and the 
capability to use H20 2 as the H-acceptor and either H20 2 or other molecules 
as electron donors. 
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3.3.7 Hydrogen Peroxide Formation from the PSII Donor Side 
The origin of the dye formation in the HMO assay was initially a 
concern. Was the signal in the HMO assay mediated solely by the peroxidase 
(HRP and intrinsic) induced oxidation of MBTH, or was MBTH itself oxidised 
directly by the donor side of PSII? To address this question, OCPIP 
photoreduction was measured for a CaCI2-PSII sample in the presence and 
absence of MBTH. The results are shown in Fig. 3.6. In the absence of an 
added PSII donor there is a small rate of OCPIP photoreduction. This is 
accounted for by residual 02 evolving activity in CaCI2-PSII samples. Upon 
addition of 0.6 mM diphenylcarbazide (OPC) as an artificial electron donor, the 
rate of OCPIP reduction increases three fold; however, the addition of 5 mM 
MBTH does not increase the rate of OCPIP photoreduction as did OPC. This 
suggests that MBTH is not directly oxidised by the donor side of PSI!. 
The formation of H20 2 by PSII can occur either by a two electron 
oxidation of water, or a one electron reduction of 02 to superoxide (°2--) and 
subsequent dismutation to H20 2 . Previously, it was shown that peroxide 
formation due to 02 reduction on the acceptor side of PSII is bypassed when a 
PSII electron acceptor is present (Ananyev and Klimov, 1989). In all of the 
results presented here the light-induced increase in peroxide formation was not 
observed unless an electron acceptor was present. Furthermore, the addition 
of 0.6 mM OPC to the HMO assay in the presence of the electron acceptor 
reduced peroxide formation by 70% (Fig. 3.1). These observations indicate 
that the light-induced absorption increase in the HMO assay is indeed derived 
from the formation of peroxide on the donor side of PSII and the subsequent 
HRP-linked oxidation of MBTH. Other reports have linked H20 2 formation to 
the photooxidation of mobilised Mn ions (Schroder and Akerlund, 1986; Berg 
and Seibert, 1987); however, the addition of 1 mM EOTA did not reduce light-
induced peroxide formation (data no shown). 
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Fig. 3.6. Rates of DCPIP photoreduction from CaCI2-PSII samples with 
various additions. Measurements were performed with 10 IJg Chi PSII and 
50 IJM DCPIP in standard buffer medium at pH 6.0. 
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3.3.8 Catalase Suppression of H20 2 Formation 
If the HMO assay is measuring H20 2 production by PSII, it should be 
catalase sensitive. However, upon addition of catalase to the HMO assay, 
there was little effect on the rates of dye formation. This was not due to the 
activity of the catalase as a number of fresh enzyme stocks gave the same 
result. The extent of suppression of dye formation by 1000 units (u) of catalase 
was only 4-6% of the total rate in CaCI2-PSII samples. A second addition of 
1000 u of catalase caused up to an 11 % reduction in the total signal. The 
addition of 2000 u of catalase is many times in excess of the required amount 
to catalyse the reduction of the free H20 2 in solution. 
One explanation for the above observation may be the relatively high 
Km value for catalase, which is of the order of 1 mM. It may be that the levels 
of H20 2 generated by PSII are too low for the catalase reaction to scavenge 
efficiently. The addition of 10 nmol of H20 2 to the assay medium (a similar 
amount that would be expected to be generated by PSI!) indicated that this was 
not the case, as catalase rapidly removed the H20 2. Another consideration 
may be that the overall efficiency of catalase is low in the presence of the 
peroxidase activity. It is possible that the peroxidase activity (both HRP and 
PSI! intrinsic) out compete catalase for the small quantities of H20 2 produced. 
To test this, an additional hydrogen donor was added to the solution. Catalase 
is highly specific for the H-acceptor, which must be H292, but its specificity for 
the H-donor is considerably less, with N02- being able to serve as a H-donor 
with a 90% efficiency of that of H20 2. The inclusion of 0.5 mM N02 - to the 
peroxidase assay reduced the rate of dye formation in the HMO assay by 35%. 
Concentrations of N02- greater than 0.5 mM further reduce the rate of the HMO 
assay but concentrations above 1 mM inhibit O2 evolution (data not shown). 
These observations indicate that the additional electron donor for catalase was 
able to increase the consumption of H20 2 and suggests that the reason for the 
76 
catalase insensitivity of the reaction is due in part to the low concentrations of 
substrate present. 
Another reason for the low catalase suppression may be due to the site 
of H20 2 production and the accessibility of the site to the relatively large 
molecules of the HRP and catalase enzymes (44 kDa and 240 kDa 
respectively). A discrimination between free and bound forms of peroxide has 
been made by Klimov et al., (1993) who have observed a "Ioosely bound" 
peroxide fraction which they referred to as signal 0 in the luminol-HRP assay. 
It is possible that "Ioosely bound II H20 2 is responsible for the observed 
suppression in rates (z5-100/0) when catalase is added. This fraction is also 
accessible to HRP and is why the addition of HRP increases the rates in the 
HMO assay by only 10% • Another fraction of H20 2, which represents the 
greater part of the H20 2, is generated within PSII and reacts with the intrinsic 
peroxidase activity of PSI!. This internal pool of H20 2 may be a bound form of 
a peroxide (possibly an organic peroxide) that is restricted in its diffusion so that 
it does not react with the catalase enzyme. 
3.3.9 Peroxide Formation by PSI! Depleted of Extrinsic Proteins 
In the development of the HMO assay, various treatments were used to 
induce H20 2 formation in PSI! samples. Control samples exhibited the lowest 
rates of H20 2 formation but, depending upon the treatment, PSII samples could 
be induced to increase rates of H20 2 formation by up to six times. All 
treatments tested that lead to increases in H20 2 formation involved some 
depletion of the three OEC extrinsic proteins. The treatments included 
incubation with 1 M NaCl, lauroylcholine chloride (LCC) (LCC:Chl = 3: 1), 1 M 
CaCI2 and 1 M Tris (pH 8.2). The various treatments resulted in a progressive 
loss of the extrinsic proteins. The extent of protein loss is shown in Fig. 3.7. 
Exposure to 1 M NaCI and LCC caused loss mostly of the 16 and 23 kDa 
proteins. Treatment with 1 M CaCI2 removed some (50 to 70%) of the three 
extrinsic proteins and 1 M Tris treatment removed more than 95% of the 
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Fig. 3.7. SOS-PAGE indicating the degree of extrinsic protein (16, 23 
and 33 kOa) depletion caused by various treatments (10 \Jg Chi for each 
sample). 
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extrinsic proteins (Fig. 3.7). As the extrinsic proteins were progressively 
removed from PSI! by the various treatments, the 02 evolving capacity of the 
samples decreased and the rate of peroxide formation increased (Table 3.1). 
Samples with the greatest rates of H20 2 formation exhibited the least rate of 02 
evolution and the highest protein loss. The correlation of the results suggests 
that peroxide formation is induced by a structural alteration to PSI! and that the 
capacity to evolve peroxide occurs at the expense of 02 evolution. 
One further treatment of PSI! was performed with the exposure of PSI! 
to 5 mM NH20H in both the light and dark. This treatment is known to cause 
the direct reduction of the catalytic Mn centre and complete loss of 02 evolution 
with little or no loss of the extrinsic proteins (Tamura and Cheniae, 1985, 1987). 
These samples exhibited high rates of peroxide generation (Table 3.1). This 
result clearly indicates that it was the perturbation of the Mn centre that 
correlates with peroxide formation. Presumably the loss of the extrinsic 
proteins in the other treatments indirectly destabilises the Mn ions which leads 
to the peroxide formation. 
3.3.10 CaCI2 Restoration of 02 Evolution and Suppression of H20 2 Formation 
The addition of CaCI2 to PSI! samples depleted of the extrinsic proteins 
can restore some 02 evolving activity (Ono and Inoue, 1984). In this work the 
addition of CaCI2 was found to restore some O2 evolving capacity to NaCI, LCC 
and CaCI2-PSII samples (Fig. 3.1 and Table 3.1); however, the Tris and 
N H20H treated samples were completely inactivated and no restoration was 
observed (Table 3.1). In samples which were affected by CaCI2 there was a 
concurrent decrease in H20 2 formation with the increase in 02 evolution (Table 
3.1). The reversibility in 02 evolution by CaCI2 has been reported (Ono and 
Inoue, 1984; Ghanotakis et al., 1984), but the reversibility of the H20 2 
formation is a new finding. The fact that the restoration of 02 evolution occurs 
at the same time as a decrease in H20 2 formation indicates that the two 
processes are competing at the same site, i.e. the Mn centre. In the case of 
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Table 3.1 
H20 2 formation and O2 evolution for a PSII sample after various treatments 
H20 2 formation Oxygen evolution 
+ 20 mM CaCI2 + 20 mM CaCI2 
Control 17* 17 526 483 
1 M NaCI 39 29 89 403 
LCC treated 36 26 67 154 
70% EG 53 41 75 112 
1 M CaCI2 76 41 15 44 
5 mM N H20H (dark) 105 91 1 1 12 
5 mM NH20H (light) 120 106 0 0 
1 M Tris 129 105 0 0 
Units = lJMol mg Chl-1 hr-1. 
* Values represent the average of 3-5 measurements with average errors to 
within + 10% 
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the Tris and NH20H treatment no reversibility was found. This was probably 
due to the nature of these treatments, which cause extensive Mn depletion. 
Although not determined with these samples, I found that the Mn content after 
Tris treatment is typically 0.8 Mn ions per PSII reaction centre (220 Chi per 
reaction centre). A similar Mn content has also been reported for NH20H 
treated PSII samples, typically 0.5-0.8 Mn per reaction centre (Tamura and 
Cheniae, 1987). 
The saturation dependence of the CaCI2 effect on peroxide formation 
was measured for CaCI2-PSII samples (Fig. 3.8). The maximum suppression 
occurs with 20 mM CaCI2. The HMO assay was not directly affected by CaCI2. 
Fine and Frasch (1992) found that PSII core complexes lacking the 16 and 23 
kOa proteins generated H20 2. In their samples, the H20 2 formation could be 
suppressed by the addition of 10 mM (saturating) chloride ions. This work did 
not examine H20 2 formation in the absence of chloride ions but buffer medium 
for all experiments contained in excess of 25 mM CI-. Therefore, a chloride 
dependence is not expected in these measurements. 
3.3.11 Peroxide Formation at the Expense of O2 Evolution 
The data thus far supports the hypothesis that the formation of H20 2 
occurs as a consequence of the water splitting mechanism. Increases in H20 2 
formation in samples are related to decreasing O2 evolution under various 
conditions. There are two possible mechanisms that could be used to explain 
the formation of H20 2. In one there could be a two electron oxidation of water, 
rather than the four electron oxidation to molecular oxygen. A critical factor for 
this mechanism is the reaction pathway. In order to ensure the correct reaction 
sequence and to minimise the formation of potentially harmful oxygen species, 
the entry of the substrate water may be required to react in a highly regulated 
and controlled process. It has been suggested that the catalytic site of OEC is 
enclosed within a hydrophobic pocket which may be formed in part by the 
extrinsic proteins (Thompson et a/' J 1989). The extrinsic proteins could 
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therefore provide an accessibility barrier between the solvent water and the 
oxidised Mn ions. In the above experiments, the extrinsic proteins were 
I. removed and the reaction sequence was progressively lost with the depletion of 
the extrinsics. As a result, the samples with the least extrinsic proteins bound 
exhibited the greatest rates of peroxide formation. The reaction sequence was 
therefore altered to produce a IIperoxyrl S-state that is not normally involved in 
the reaction path to 02' The addition of Ca2+ (and/or CI-) ions could indirectly 
re-establish the accessibility barrier by inducing protein aggregation , thereby 
increasing the yields of 02 evolution while decreasing that of peroxide 
formation. In this interpretation, protein structural dynamics play an important 
role in the water oxidation mechanism. 
Another explanation for the observed formation of peroxide might be 
the release of the putative peroxyl intermediate expected in the mechanism of 
02 evolution (Renger, 1978; Krishtalik, 1990). Since the four electron oxidation 
of water must, at some stage, create a IIperoxyl S-state ll in order to generate 
the 0-0 bond, it is possible that a long lived peroxide intermediate is released. 
What remains unknown is where the peroxyl intermediate is generated in the 
S-state cycle and how long before the species is converted into molecular 
oxygen. 
Based on the high rates of peroxide formation in Tris and NH20H 
treated samples and their low levels of Mn (15-20%), the formation of H20 2 is 
unlikely to occur from a normal S-state mechanism and is therefore unlikely to 
be due to the release of a native IIperoxylll intermediate. Instead, the results 
imply that H20 2 formation arises from damaged PSII centres that are 
generating alternative water oxidation products from a hightly perturbed 
oxidation sequence. 
If the formation of peroxide occurs as a consequence of an alternative 
water splitting mechanism, then the rates of peroxide formation are lower than 
might be expected. If water oxidation was entirely converted to peroxide 
formation then the four electron oxidation should generate rates that are twice 
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CaCI2-PSII sample. 
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that of O2 evolution. However, rates of peroxide formation are at best 25% of 
O2 evolution and 12% in terms of total reducing equivalents. Why are the rates 
of peroxide formation so low? One reason may be kinetic limitations of the 
different artificial electron acceptors used in the assays; DMBQ-6 as mentioned 
earlier is not the most efficient electron acceptor for PSI! membranes. Another 
reason may involve the observation of an inherent catalase activity in PSII that 
reduces H20 2 to O2 (Frasch and Mei, 1987). This activity would compete for 
H20 2 with the peroxidase reactions (both inherent and with HRP) and the H20 2 
reduced by catalase would become lost to detection. Another reason may be 
that the inherent peroxidase activity of PSI! may use donors other than MBTH. 
3.3.12 Peroxide Formation from Samples Treated with Increasing 
Concentrations of Ethylene Glycol 
Since in ethylene glycol treated samples, the extrinsic proteins are 
removed, the Mn ions are perturbed and O2 evolution is lost, rates of H20 2 
were examined. The results are shown in Table 3.2. The effect of ethylene 
glycol treatment on PSI! is to increase H20 2 generation with maximum rates 
following exposure to 70-80% ethylene glycol concentrations. As also shown in 
Table 3.1, the H20 2 formation was greatly reversed upon addition of 20 mM 
CaCI2 consequent with the restoration of some O2 evolution. A protein gel 
indicates the protein release in the 70% ethylene glycol treated (Fig. 3.7). The 
effect of ethylene glycol appears to be similar to that of a CaCI2 wash; the 16, 
23 and 33 kDa proteins were partially removed (~600/0) and rates of 02 were 
strongly suppressed. This provides further support that the extrinsic proteins 
are important in regulating the oxidation of water to maximise the yield of 02' 
3.4 Summary of Results 
This chapter outlines the successful development of a steady state 
peroxide assay for PSII samples. It was found that treatments which remove 
the extrinsic 16, 23 and 33 kDa proteins lead to an increase in the production of 
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Table 3.2 
The extent of H20 2 formation and O2 evolution for PSI! samples exposed to 
increasing concentrations of ethylene glycol 
Ethylene Glycol H20 2 formation 
Concentration (0/0) (IJmol mg Chl-1 hr1) 
0 5 
60 8 
70 38 
80 41 
90 0 
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H20 2 from PSII samples. The generation of H20 2 from PSI! samples was 
observed only in the presence of a PSI! electron acceptor while the rate of 
H20 2 generation could be decreased with the addition of a PSI! electron donor 
(OPC). These results suggest that the measured H20 2 is originating on the 
PSI! donor side. It is likely that the H20 2 formation is a result of an alternative 
H20 oxidation pathway because increases in H20 2 formation always occurred 
with a decrease in 02 evolution activity. Furthermore, the addition of 20 mM 
CaCI2 to the samples was able to restore some 02 evolution and decrease 
H20 2 production. Samples exposed to ethylene glycol and depleted of extrinsic 
proteins (at concentrations greater than 50%) gave increased rates of H20 2 
formation. 
86 
/' 
Chapter 4 Ethylene Glycol Treatment and the Coupling Between the Reaction 
Centre and the Donor side of Photosystem II 
Section 4.1 Introduction 
The exposure of PSII membranes to increasing ethylene glycol 
concentrations results in the inactivation of the OEC and loss of electron flow 
through the reaction centre. This conclusion is based on measurements of the 
photoreduction of DCPIP and rates of O2 evolution described in Chapter 2. 
Unfortunately, both assays were incompatible with increasing non-aqueous 
conditions and the measurements were made only after the PSII samples were 
returned to the aqueous buffer media. Therefore, the direct effect of ethylene 
-
glycol on PSII remains uncertain. The inhibition of electron flow may have been 
due to an alteration in the acceptor or donor side, or at the reaction centre 
itself. To gain a better insight into how ethylene glycol affects PSII, the 
recovery kinetics of the oxidised reaction centre chlorophyll molecule P680 
were measured. 
The process of charge separation generates the chlorophyll cation, 
P680+, within 3 ps of excitation. The formation of P680+ occurs with a 
corresponding absorption increase at 830 nm. The reduction kinetics of P680+ 
can, therefore, be monitored by observing the 830nm absorption decrease 
associated with the decay of P680+ (i.e. ~A830nm measurements) (van Best 
and Mathis, 1978). Depending upon the kinetic components, specific 
information about the coupling of P680 to the S-states and to the pnmary 
quinone acceptor molecule, QA' can be obtained. For PSII centres with intact 
O2 evolution, ~60-70% of P680+ is reduced with a half-life of 30-250 ns, 
depending on the S-state (Brettel et al., 1983; Eckert et al., 1984, 1988; Volker 
et al., 1987; however see also Schlodder et al., 1985). For PSII centres 
inhibited in O2 evolution, all of the nanosecond kinetics of the P680+ reduction 
are converted to slower microsecond kinetics (van Best and Mathis, 1978; 
87 
Conjeaud et. al. , 1979). Under this condition the P680+ reduction following a 
single flash has a pH dependent half-life of 2-40 ~s due to the transfer of an 
electron from Yz to P680+ (Conjeaud and Mathis, 1980, 1986). When Yz is 
oxidised by pre-illumination, P680+ is reduced through a back reaction with QA-
with a half-life of 130 ~s (Conjeaud and Mathis, 1980). 
P680+ reduction measurements provide a powerful means for 
determining events at the reaction centre. Since all measurements and data 
are dependent on a ~A830nm absorption change, the assay can be performed 
under non-aqueous conditions. Samples returned to aqueous buffer can also 
be measured to determine if there are reversible changes caused by the non-
aqueous conditions. Samples returned to aqueous medium after ethylene 
I, glycol treatment can be used to measure O2 evolution, hydrogen peroxide 
formation and net electron flow. 
Section 4.2 Experimental 
4.2.1 PSII Preparations: Procedure #2 
The protocol used in this chapter for prepanng PSII membrane 
fragments was a modification of the preparation procedure used in Chapter 2 
(section 2.2.2). The modifications included changes to the buffer media and a 
shorter detergent incubation step; it is referred to as Procedure #2. 
Leaves were homogenised in a 2 litre Waring blender In a buffer 
medium consisting of 50 mM phosphate (pH 7.5), 100 mM sucrose, 200 mM 
NaCI and 2 g 1-1 of BSA. The solution was then centrifuged for 5 min at 5,000 
rpm in a Sorval GSA rotor (4°C) to isolate the thylakoid membranes. The 
thylakoids were resuspended and washed once in the homogenisation buffer. 
They were then resuspended to a final chlorophyll concentration of 2.5 mg ml-1 
in a buffer containing 50 mM MES-NaOH (pH 6.0), 400 mM sucrose, 15 mM 
NaCI, 5 mM MgCI2 , 5 mM EDTA and BSA at 2 g 1-1. The thylakoids were 
allowed to stack for 45 min, and a 25% solution of Triton X-100 (made up in 
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resuspension buffer) was added in an amount equal to % the volume of the 
thylakoid suspension. The final detergent concentration was 5% Triton X-100 
at a sample concentration of 2 mg ml-1. The detergent was added in 3-4 parts 
to a stirring thylakoid solution. The solution was quickly transferred to 50 ml 
centrifuge tubes and centrifuged for 30 min in a SS-34 rotor at 20,000 rpm 
(4°C) to isolate the PSI! membrane fragments. 
After centrifugation the pellet was suspended in Buffer S (20 mM MES-
NaOH (pH 6.0), 400 mM sucrose, 15 mM NaCI, 10 mM MgCI2), centrifuged 30 
min (20,000 rpm in SS-34 rotor at 4°C) and then resuspended in the same 
buffer medium and frozen as small beads at -70°C. 
4.2.2 P680+ Reduction Measurements 
The transient absorption measurements of P680+ at 830 nm were 
undertaken with Dr. Phil Lukins, Department of Physical Optics, University of 
Sydney. The instrument used was a custom built, single-beam flash 
photometer and is illustrated in Fig. 4.1. Photosystem II samples (10-20 I-lg 
Chi) were placed in a 4 cm path length cuvette and excited with a 4 ns 
saturating laser pulse at 532 nm supplied by a Q-switched, frequency doubled 
Nd:YAG laser (Continuum, Surelite-20). All measurements were performed at 
25°C. The measuring beam was provided by a single-mode GaAIAs diode 
laser (Spectra Diode Labs) temperature-tuned to 830 nm. The beam was 
expanded and focused through the sample cuvette using a cylindrical lens and 
the transmitted intensity measured with an avalanche photodiode (RCA). The 
signal from the avalanche diode was amplified with a custom built 400 MHz 
3-stage microwave amplifier and digitised by an oscilloscope (LeCroy 9310). 
To improve the signal to noise, 100 flashes at a 1 Hz repetition rate were 
averaged and stored for kinetic analysis. To reduce the fluorescence artefacts 
the detector was shielded with 830 nm interference and RG 780 filters. In 
addition, the cuvette was separated from the detector by -;:;0.7 m and the 
measuring beam was filtered with 3 spatial filters. The absorption changes 
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(830 nm) 
Fig. 4.1. A schematic layout of the instrument used in determining the 
~A830nm absorption changes. The 830 nm measuring beam was provided by a 
diode laser and the actinic flash by a 532 nm, frequency-doubled Nd-YAG 
laser. Sample concentration was 16.4 ~g ChI. ml-1. 
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measured were of the order of M830nm = 1 x 10-3. The use of 100 repetitive 
flashes meant that the nanosecond time component was the average of the 
independent S-state turnovers. PSII samples contained 500 ~M K3Fe(CN)6 as 
an electron acceptor. The nanosecond component could be entirely converted 
to microsecond kinetics by treatment with 2 mM NH20H for 5 minutes 
(Conjeaud and Mathis, 1979). Estimation of the kinetic components was made 
after electronic subtraction of the background response. 
4.2.3 Steady-State Measurements of O2 Evolution, H20 2 Formation and 
DCPIP Reduction 
Rates of 02 evolution, H20 2 formation and DPC-DCPIP photoreduction 
were measured according to sections 2.2.5, 3.2.2 and 2.2.6, respectively. 
These measurements were all performed in standard Buffer S (20 mM MES-
NaOH (pH 6.0), 400 mM sucrose, 15 mM NaCI and 5 mM MgCI2). Samples 
were exposed to ethylene glycol, incubated 5 minutes, diluted into Buffer S, and 
then used for measurement. All activity measurements were determined in 
parallel with the ~A830nm measurements. Care was taken to maintain the 
sample at 25°C so that there was no temperature induced variability in the 
results. 
Section 4.3 Results and Discussion 
4.3.1 P680 Measurements and the Optimisation of Sample Conditions 
The measurement of P680+ reduction kinetics involves M830nm 
absorption changes of the order of 1 x1 0-3. This requires the careful 
optimisation of conditions to maximise signal intensity. Factors that affect the 
maximisation of the signal are: the chlorophyll concentration; sample scattering 
properties; excitation energy; and the optical alignment. In the first 
measurements the preparation used was made according to the protocol in 
Chapter 2 and was highly scattering. A low chlorophyll concentration had to be 
91 
used resulting in a poor signal to noise ratio. To improve the sample scattering 
properties, the modified PSII isolation procedure was used (Section 4.2.1). In 
this procedure a much shorter (2-3 min) Triton X-100 incubation and only a 
single wash step was used. The higher residual detergent in this sample 
preparation improved the scattering properties and allowed higher chlorophyll 
concentrations to be used in the measurements. The optimal concentration 
with this sample was 16.5 jJg ml-1. 
Further optimisation of the ~A830nm measurements required the 
determination of laser saturation for the excitation pulse. The average energy 
of the excitation pulse was increased from 0.28 mJ to 2.8 mJ (Fig. 4.2). 
Saturation of the sample made by proceedure 2 occurred at approximately 
1 mJ. To ensure saturation in all the measurements, 1.5 mJ was used. No 
sample degradation was observed at this energy following >500 flashes. 
A typical M830nm absorption transient for a control PSII sample IS 
shown in Fig. 4.3. The decay of the signal is comprised of two major 
components, one in the nanosecond time region and another in the 
microsecond time range. The nanosecond component in this case accounts for 
63% of the total signal decay. The remaining decay occurs with microsecond 
kinetics. The kinetic behaviour is similar to what has been observed earlier for 
spinach PSII membrane fragments (Eckert et al., 1988, 1991). However, the 
relative extents of the fast and slow components are often variable. Reports for 
the microsecond contribution range from 15-50% of the total signal (Schlodder 
et a/., 1985; Brettel et al., 1983; Eckert et a/., 1984, 1988). 
The origin of the microsecond kinetics is uncertain although it has been 
proposed to arise from inactive PSII centres formed during the isolation 
procedure (Brettel and Witt, 1983). Microsecond kinetics have also been found 
to be dependent upon S-state (Glaser et a/., 1976; Schlodder et al., 1985). 
This suggests that at least part of the microsecond contribution may be derived 
from functional PSII centres. 
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Fig. 4.2. Excitation laser energy dependence for ~A830nm absorption change of 
PSII samples at 16.4 l-lg ml-1 . Data points are for total signal amplitude (e) and 
the nanosecond kinetic component (A). 
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4.3.2 P680+ Reduction in Non-Aqueous Solutions 
The initial aim of this experiment was to determine if charge separation 
could take place at high ethylene glycol concentrations. Previously (Chapter 2), 
electron flow through PSI! (as determined by the OCPIP assay in the presence 
of the artificial electron donor OPC) was found to be inhibited by ethylene glycol 
treatment at concentrations greater than 90%. The question remained as to 
whether the process of electron transport or of charge separation itself was 
inhibited. Therefore, ~A830nm measurements were made on PSI! samples as a 
function of increasing ethylene glycol concentration at 25°C. In these 
measurements (Fig. 4.4) the PSI! samples were not returned to aqueous buffer 
but were measured directly in the ethylene glycol/aqueous Buffer S solutions. 
The results indicate that as PSII samples are exposed to increasing 
ethylene glycol concentrations, the total signal amplitude of P680+ remains 
unaffected until a ethylene glycol concentration of 900/0 is reached. At higher 
solvent concentrations, a rapid loss of the signal occurs with a complete loss at 
100% ethylene glycol (Fig. 4.3). This indicates that high ethylene glycol 
concentrations inactivate the process of charge separation itself. The 
mechanism for this inactivation may be related to the depletion of the 
xanthophyll pigments which occurs in 90-100% ethylene glycol (Table 2.3). 
The xanthophyll pigments have been localised to the chlorophyll alb 
proteins and are involved in the light harvesting function (Bassi et al., 1993). 
Thus, one possibility for the loss of charge separation -may be a block in energy 
transfer from the LHC and Chi alb proteins to the reaction centre. The actinic 
excitation for these measurements was supplied by a laser pulse at 532 nm. 
Chlorophyll molecules have a low absorption efficiency at this wavelength. To 
increase the absorption by the inner chlorophyll molecules, the laser energy 
was increased to 4 mJ ; however, even at this energy, a signal was not 
generated (data not shown). It appears, therefore, that the reaction centre itself 
is totally inactivated at high ethylene glycol concentrations. 
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Fig. 4.3. ~A830nm absorption measurements for a control sample (top) , 
In 60% ethylene glycol (middle) and in 100% ethylene glycol (bottom). ChI. 
concentration was 16.5 ~g ml-1 . 
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Another explanation for the loss of charge separation may be related to 
the blue shift in the chlorophyll Oy band and the loss of lipids. The requirement 
of lipids for charge separation has been suggested earlier (Jordan et al., 1983). 
Subsequently, Eckert et al., (1987) found that the 6.A830nm signal was lost in 
PSI! samples depleted of lipids but could be restored upon lipid reconstitution. 
Future work should establish if ethylene glycol concentrations do remove lipids 
and which types (preliminary HPLC measurements indicate that some lipids are 
released in 1000/0 ethylene glycol). 
The kinetic components of ~A830nm measurements were also affected 
by the exposure to ethylene glycol. In 40-600/0 ethylene glycol the nanosecond 
kinetics were entirely converted to the microsecond kinetics (Fig. 4.4, see also 
Fig. 4.3). This indicates that the donor side becomes uncoupled from the 
reaction centre, and that P680+ is reduced through a back reaction with OA-
(Conjeaud and Mathis 1980). Generally, the loss of the nanosecond kinetics is 
a measure of the loss in O2 evolution activity; however, this is not always the 
case as there can be a loss of O2 evolution without a loss of the nanosecond 
kinetics (Eckert et al., 1988). The reason for the loss of the nanosecond kinetics 
in ethylene glycol concentrations above 40% could be due to the release of the 
extrinsic proteins and the catalytic Mn ions. In comparison to earlier work 
(Chapter 2), the release of extrinsic proteins and Mn (hence the loss in O2 
evolution) only begins to occur at ethylene glycol concentrations greater than 
50%. Therefore, to explain the kinetic results the effect. of ethylene glycol in the 
40-50% range must be more subtle. A conformational change may be 
occurring in this region which blocks electron transfer between the OEC and 
P680. It is also possible that there is a direct inhibition of water oxidation 
process by binding of ethylene glycol molecules to the substrate site. In either 
case one might expect the effect to be reversible. To test this hypothesis, PSII 
samples were treated with ethylene glycol and returned to the aqueous buffer 
medium. 
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Fig. 4.4. The LlA830nm absorption changes measured as a function of 
increasing ethylene glycol concentration for samples in ethylene glycol/Buffer S 
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4.3.3 P680+ Reduction in Aqueous Solutions After Ethylene Glycol Exposure 
The behaviour of the ~A830nm measurements of PSII samples in 
aqueous media following exposure to EG were similar to those taken directly in 
the solvent (Section 4.3.2). The total signal amplitude was unaffected by 
ethylene glycol treatment up to a concentration of 90% (Fig. 4.5). Beyond this 
point the total amplitude rapidly declined, indicating that P680 charge 
separation was irreversibly lost and could not be recovered upon return of the 
sample to aqueous conditions. This suggests that the inactivation of charge 
separation, possibly via a conformational change, is occuring due to the loss of 
an essential component i.e. xanthophylls or lipids. 
reconstitution is needed to clarify this point. 
Further work on 
The kinetic components were also affected by ethylene glycol treatment 
upon return to aqueous buffer. In such samples the conversion from 
nanosecond to microsecond kinetics occurred in the 50-90% concentration 
range. This indicates that the coupling between the OEC and P680 was 
undergoing a more gradual inhibition than observed in the ethylene glycol 
solution itself. This observation is supported by my earlier work (section 2.3.4 
and 2.3.6) in which the loss of the extrinsic proteins and Mn was found to occur 
at ethylene glycol concentrations greater than 500/0. In comparison to 
measurements performed directly in ethylene glycol/Buffer S (section 4.3.2), 
the conversion to microsecond kinetics occurs at higher concentration in the 
-
40-60% range (Fig. 4.4), whereas when the samples are returned to aqueous 
buffer, the conversion occurs in the 50-90% range (Fig. 4.5). These results 
suggests that PSII membranes in 40-50% ethylene glycol incur an uncoupling 
of the OEC from the reaction centre that is completely reversible. A block in 
electron flow in this situation would have to be different to the irreversible block 
obtained at the high ethylene glycol treatments or by Tris or NH20H treatment 
(Conjeaud and Mathis, 1979, 1980). A reversible block in electron flow may be 
either a solvent-induced conformational change, or a competitive binding of 
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Fig. 4.5. ~A830nm absorption changes measured as a function of 
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ethylene glycol on the water oxidation catalytic site. EPR studies are being 
undertaken to investigate these possibilities. In addition, further work is needed 
to establish the half-life of the microsecond kinetics and the S-state 
dependence of the M830nm measurements. 
4.3.4 PSI! Activity in Aqueous Solutions After Ethylene Glycol Exposure 
The PSI! samples used for the measurement of M830nm absorption 
changes following ethylene glycol exposure and return to aqueous buffer were 
also used to determine rates of 02 evolution, DPC-DCPIP reduction and H20 2 
formation. These results are shown in Fig. 4.6. Rates of 02 evolution followed 
an inactivation behaviour similar to the loss of the nanosecond kinetics (Fig. 
4.5). Thus, under these conditions, it appears that the conversion to 
microsecond kinetics directly correlates to the loss in 02 evolution activity. 
Total rates of electron transport through PSII, measured by the 
photoreduction of DCPIP in the presence of OPC, indicate that electron 
transport activity began to be inhibited at ethylene glycol concentrations above 
50% (Fig. 4.6). A total loss of electron flow occurred after 90% ethylene glycol, 
a concentration where charge separation is practically inhibited (Fig. 4.5). 
To measure rates of H20 2 formation, the peroxide assay developed in 
Chapter 3 was used. After exposure of PSII samples to 50-90% ethylene glycol 
and return to aqueous buffer, there is a dramatic increase in H20 2 production 
(Fig.4.6). The maximum rate of H20 2 formation (16 :.5 ~mol H20 2 mg Chl-1 
hr1) occurred for the sample exposed to 75% ethylene glycol. This rate was 
some 6 times greater than the control rate (2.4 ~mol H20 2 mg Chl-1 hr1). 
However, what is particularly interesting is the increase in H20 2 formation 
coincided with the increase in the microsecond kinetics. The slow kinetics are 
believed to be largely due to the backreaction between QA- and P680+ when 
02 evolution is blocked (Glaser et a/., 1976, Conjeaud and Mathis, 1980). 
Microsecond kinetics are, however, multiphasic with half-lives between 3-7, 15-
40 and 200 ~s (Eckert et a/.,1984). It is therefore reasonable to conclude that 
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there are several competing processes that contribute to the microsecond 
kinetics, one of which may be the formation of H20 2 on the PSI! donor side. 
Future work is needed to resolve the microsecond half-life components before 
more definitive conclusions can be made. 
Additional work will also be needed to investigate the role of Ca2+. As 
reported in Chapter 3 the addition of Ca2+ to various PSI! samples results in a 
decrease in H20 2 formation and an increase in 02 evolution. In a previous 
study Ca2+ was found to increase proportionally the nanosecond kinetics In 
perturbed samples (Volker et al., 1987). This supports the observations In 
Chapter 2 where 02 evolution is increased at the expense of H20 2 generation 
upon CaCI2 addition. 
4.4 Summary 
The results presented in this chapter indicate that the exposure of PSII 
samples to high concentrations (>95%) of ethylene glycol causes a complete 
inhibition of charge separation. This is reflected as a loss in M830nm 
absorption change and may be due to a loss of lipids from the PSII membrane 
fragments. At intermediate ethylene glycol concentrations (40-50%) electron 
transfer between P680+ and the OEe is blocked with a conversion to slower 
microsecond kinetics. In this concentration range, however, the block is 
reversible since upon return of the sample to aqueous buffer, the nanosecond 
kinetics are restored. Upon exposure to higher concentrations (>500/0) of 
ethylene glycol, the blockage is irreversible. The conversion to slower kinetics 
in this case most likely results from structural changes to PSI! induced by the 
ethylene glycol treatment. Under conditions where the nanosecond kinetics are 
converted to microsecond kinetics a correlation was found with H20 2 formation 
suggesting that part of the microsecond kinetics might arise from a process 
related to the formation of H20 2 on the PSII donor side. 
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Chapter 5 Conclusions and Future Research Directions 
5.1 Summary of Results on Ethylene Glycol Exposure to PSI! Membranes 
In this chapter, I wish to provide an overview of the results from the use 
of ethylene glycol with PSI! samples and to outline some future research 
directions. In the preceding three chapters I have shown that the effects of 
increasing concentrations of ethylene glycol on PSI! activity at room 
temperature are complex. Initially, at intermediate concentrations there is a 
loss of O2 evolution activity and then at very high concentrations charge 
separation. Some of the inactivation could be prevented with treatments such 
as reducing the temperature during exposure to ethylene glycol and the 
inclusion of the co-solute glycine betaine. These results indicate that an 
anhydrous solvent can be used with PSI! samples. The main emphasis of the 
present work was to investigate the influence of reduced water concentrations 
on PSI! activity. Future work will examine PSI! in an optimised anhydrous 
solvent system. 
The effects of increasing concentrations of ethylene glycol at 25°C on 
PSI! is summarised in Fig. 5.1 and outlined below: 
i) Treatments with ethylene glycol concentrations below 40% have no 
observable effects on PSI!. 
ii) Ethylene glycol concentrations from 40-50% induce a conversion of 
P680+ kinetics from nanosecond to microsecond kinetics which IS 
completely reversible upon the return of the sample to aqueous buffer. 
This suggests there is a subtle conformational change induced by the 
solvent ethylene glycol that leads to a "block" in electron flow between 
the OEC and the reaction centre. 
iii) Concentrations between 50-60% cause structural changes that cause 
the release of the 16, 23 and 33 kDa extrinsic proteins form the PSI! 
complex. The loss of these proteins destabilises the Mn cluster and 
leads to the release of some Mn ions. Return of PSII to an aqueous 
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media causes a further Mn loss and the irreversible conversion from 
nanosecond to microsecond kinetics in LlA830nm measurements, 
indicating the inactivation of the OEC. 
iv) At ethylene glycol concentrations between 50-90%, H20 2 formation by 
PSII increases but declines as charge separation is lost at 
concentrations >90%. The rise and fall of the H20 2 formation occurs in 
parallel with the rise and fall of the microsecond kinetics of P6S0+ 
reduction kinetics and suggests that there is a microsecond component 
that correlates with H20 2 formation by the PSII donor side. 
v) High concentrations (>95%) of ethylene glycol cause a completly 
irreversible loss of detectable charge separation upon return of PSII to 
aqueous buffer media. 
The ethylene glycol inhibition curves for the loss of 02 evolution, 
electron flow through the reaction centre and charge separation are 
characteristic of thermal denaturation behaviour experiments (Thompson et al., 
19S9, Williams et al., 1992). Therefore, it is likely that the effects of ethylene 
glycol are largely due to structural changes in the PSII protein complex. 
5.2 The Extrinsic Proteins 
The dissociation of the 16, 23 and 33 kOa extrinsic proteins upon 
exposure to ethylene glycol concentrations exhibited ar) unusual protein release 
pattern. At concentrations between 50-70%, all three proteins are extensively 
dissociated from PSII; at concentrations >70% only the 33 kOa proteins is 
removed. Such an unusual release pattern has not been previously observed 
and would form the basis of an interesting study. One aspect of importance is 
the reconstitution of 02 evolution. Initial attempts to reconstitute the extrinsic 
proteins after 100% ethylene glycol treatment were unsuccessful (data not 
shown). However, in view of the simultaneous loss of the Mn ions under this 
condition, the photoactivation procedure of Tamura and Cheniae (19S7) should 
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be attempted where the authors claim to reconstitute 02 evolution in PSII 
samples depleted in both the Mn and the extrinsic proteins. The reconstitution 
would have to be performed on samples exposed to ethylene glycol 
concentrations below 85% since concentrations above lead to an irreversible 
loss of charge separation. In the latter situation, lipids may have to be 
reconstituted as well. 
In addition to reconstitution studies, future work would be needed to 
examine the cross-linking of the 16 and 23 kOa proteins after exposure to 
ethylene glycol. A number of protein cross linkers are available with different 
cross-linking lengths (e.g., see Enami et al., 1990) and these have been used 
to map proteins in the vicinity of the 33 kOa protein. It has been found that the 
16 and 23 kOa proteins cross-linked together (Enami et al., 1989) and if this 
observation can be made following ethylene glycol exposure, it would suggest 
that the loss of the 33 kOa protein is due to a structural change at an intrinsic 
site rather than the 16 or 23 kOa proteins. Another possibility is that the 16 and 
23 kOa proteins are dissociating and rebind to PSII after ethylene glycol 
treatment. Protein cross-linking could be employed to determine if this occurs. 
Another interesting observation made during these experiments was 
the apparent finding of two separate 33 kOa protein components. The 
presence of these two proteins can be seen in Fig. 3.7. Both are apparently 
removed by treatments used in removing the 33 kOa extrinsic protein and 
suggests that there are two 33 kOa proteins. Support_ for two 33 kOa proteins 
has come from cross-linking experiments (Millner et al., 1987) and SOS-PAGE 
intensity staining (Xu and Bricker, 1992) although other studies suggest that 
there is only one 33 kOa protein (Enami et al., 1991). The gel represents the 
first separation of these two proteins. The difference in apparent molecular 
weight could be due to a phosphorlation of the 33 kOa protein, akin to the 01 * 
that is produced during photodegradation of PSI! (Arvo et al., 1993). Future 
work will investigate this observation further with the use of antibodies to 
localise the two bands to the 33 kDa protein. 
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5.3 Loss of lipids from PSII 
At high ethylene glycol concentrations, there were indications from 
preliminary HPLC analysis that lipids were being lost. An attempt was made to 
determine the lipid composition of an 100% ethylene glycol supernatant using 
an adapted HPLC protocol (Marion et al., 1984; Chapman and Barber, 1987). 
Several peaks were detected at 214 nm, characteristic of lipids, but they were 
poorly separated and were not quantified (largely due to technical reasons; 
different column and an absence of gradient pumping) . Lipid reconstitution 
using a crude lipid extract from PSI! (Sprague and Staehelin, 1987) and using 
pure phosphatidylglycerol (from Sigma), a common constituent of PSII lipids 
(Murata et al., 1990), was unable to reconstitute activity. Phospholipids in PSII 
have been found to be important in the process of charge separation (Jordan et 
al., 1983, Eckert et al., 1987) and are likely to explain the loss of electron flow 
in 100% ethylene glycol. Future work will investigate the loss of lipids as a 
function of ethylene glycol concentration and further attempts at reconstitution. 
The reconstitution of activity would best be determined with the M830nm 
measu rements. 
5.4 H20 2 Formation and Mechanistic Considerations 
As outlined in Chapter 3, the removal of the extrinsic proteins with 
increasing ethylene glycol concentrations leads to an increase in H20 2 
generation from the donor side of PSII at the expense of 02 evolution. This 
correlation was also observed for other treatments such as 1 M NaCI and 1 M 
CaCI2 washing, LCC exposure and 1 M Tris washing that remove the extrinsic 
proteins. In contrast, a 5 mM NH20H treatment was found to increase 
significantly the rates of H20 2 generation with apparently little loss of the 
extrinsic proteins. In Chapter 3 no mechanism was proposed for the formation 
of H20 2 by PSII, and in this section some possible suggestions will be made. 
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The formation of H20 2 as a function of increasing ethylene glycol 
concentrations is greatest following exposure to 75% ethylene glycol. The Mn 
content of these samples is :::::2 Mn/reaction centre. This would suggest that 
oxidation of H20 to H20 2 is occurring at a PSI! centre with 2 Mn ions. In 
contrast to this observation is the observation of H20 2 formation from Tris 
washed or 5 mM NH20H treated PSII samples. These samples contain :::::1 Mn 
ion per reaction centre (Tamura and Cheniae, 1987) from which H20 2 could be 
generated. At this time there are several possible mechanisms for the 
concerted oxidation of two water molecules to H20 2 from either one or two Mn 
containing centres. It is also possible that there are two mechanisms for H20 2 
generation, one involving Mn ions and another involving another intermediate. 
One suggested intermediate is the cyt bS59 ' In PSII samples treated with 5 mM 
NH20H the extrinsic proteins remain relatively intact and cyt bS99 is also 
retained in the high potential form (Thompson et a/., 1989). Removal of the 
extrinsic proteins results in the oxidation of the cytochrome and loss of the high 
potential form (Thompson et a/., 1989). In NH20H treated PSII samples the 
high potential cyt bSS9 is able to donate electrons to P680+ (Miller and Brudvig, 
1990). It is therefore possible that the high potential form of the cytochrome is 
the species involved in some way with H20 2 formation. With such a centre it is 
hard to explain a concerted 2 electron oxidation of H20 to H20 2 and the 
possibility of 02 reduction should be considered as the mechanism. The 
finding that there was no restoration of O2 evolution and suppression of H20 2, 
by CaCI2 addition, supports a different mechanism of H20 2 formation in these 
samples Future work will first implement studies using EPR to investigate the 
activity and oxidation states of the Mn ions. Attempts will be made to remove 
further amounts of Mn from PSI!. Finally, redox titrations to measure the 
oxidation potential of cytochrome bSS9 might be performed. 
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5.5 Stabilisation of PSII in Ethylene Glycol 
Possibly the most interesting finding of this work was the prevention of 
apparent structural damage to the PSI! protein complex in high concentrations 
of ethylene glycol with the addition of the compatible solute glycine betaine and 
the use of low temperatures. PSII samples after incubation with 1000/0 ethylene 
glycol are totally inhibited in O2 evolution. However, exposure to 100% 
ethylene glycol at 4°C and in the presence of 1 M glycine betaine, samples 
returned to aqueous buffer retained 25% of their initial O2 evolving activity. 
This was quite a remarkable result and indicates that anhydrous solvent 
conditions for PSI! can be developed and with further optimisation may present 
a powerful new means to study PSII samples. At present, the effects on 
exposing PSI! samples to increasing concentrations of ethylene glycol at room 
temperature have only been reported at the photosynthesis meeting in Nagoya 
(Hillier et al., 1992). The more recent findings that stabilisation of PSII activity 
occurs with the addition of glycine betaine still requires further investigation of 
the temperature and concentration dependence of the stabilisation of O2 
evolving capacity. 
At present little can be said about the mechanism of protein 
stabilisation by glycine betaine. As discussed in Chapter 2 (2.3.8) the 
mechanism of preferential solute exclusion of Timasheff and co-workers 
(Timasheff, 1992) does not fit well with the observations of the stabilising effect 
upon the addition of glycine betaine. Future work is needed to determine if the 
glycine betaine is directly stabilising the 16, 23 and 33 kDa extrinsic proteins as 
reported by Papageorgiou et at. (1991) and Murata et at. (1992), or if the 
glycine betaine is specifically stabilising the Mn cluster of the OEC in the 
absence of the three extrinsic proteins (Mohanty et aI., 1993). Future work is 
also required to determine the effect of glycine betaine on charge separation . 
The mechanism of physical denaturation of PSI! at room temperature 
and the loss of photochemical activity as a function of ethylene glycol 
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concentration can potentially be explained as resulting from changes in anyone 
of the following parameters: solvent viscosity, polarity, dielectric, osmotic 
pressure (water activity) or water concentration. The stabilising effect of 
lowered temperature on PSII exposed to ethylene glycol tends to suggest that 
water activity may be the critical factor in explaining the denaturation of PSI!. 
Other studies have found that water concentration is the critical determinant 
(Pocker and Janjic, 1989; Dzingeleski and Wolfenden, 1993). At present more 
work is required to make a solid conclusion. The charge separation reactions 
should be emphasised, as O2 evolution is complicated by the extrinsic proteins 
and the ambiguous effects of glycine betaine on either stabilisation of the 
extrinsic proteins or the direct stabilisation of the Mn cluster. 
5.6 PSII in Anhydrous solvents: Applications 
The potential applications of studying PSII under anhydrous conditions 
are enormously varied. Practically any study of PSII involving water as a 
substrate or solvent can be reconsidered with this system. 
From a physiological view there have been studies of photosynthetic 
efficiency with desert desiccation plants (Eickmeier et al., 1993) and Antarctic 
mosses (C. Lovelock, unpublished) which undergo repeated desiccation and 
rehydration of photosynthetic tissue. Studies with these species have shown 
that under desiccation the photochemical efficiency, as measured by the ratio 
of variable (Fv) to maximal Chi a fluorescence decreases when the plant 
reaches 40% relative water content. Under photoinhibitory conditions this 
decrease is more rapid. The use of ethylene glycol provides a means to 
investigate the same processes in vitro with the controlled desiccation of 
isolated PSII samples. 
The applications of a non-aqueous solvent for isolated PSII material 
involve the capability to be able to control substrate water to PSI!. This has the 
potential to make significant contributions to the understanding of the process 
of the water oxidation process. One potential application is the finding of the 
110 
KM of the water oxidation reaction; another is the KM of the H20 2 production 
reaction that increases after perturbation of the extrinsic proteins (Chapter 3). 
In addition to the enzymology of P811, the requirement of substrate water for 8-
state advancement could be determined, i.e. is substrate H20 required to 
advance the 8 1-782 and 82-783 transitions? There is also the possibility of 
generating a stable 84 state and examining it spectroscopically. The use of 
anhydrous conditions could also be used to determine the site of substrate 
entry into the 8-state mechanism. The future studies with ethylene glycol will 
potentially answer many questions about the process and requirement of 
substrate water and may set new precedents in the research in photosynthesis. 
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Appendix 1 
Hoagland's Nutrient Solution For Growth of Spinach 
Stock Solutions 
2 M KN03 
2 M MgCI2 
2 M Ca(N03)2 
1 M MgCI2 
1 M K2H2P04 
Fe-EDTA solution 
Fongarid 
Trace Minerals 
Trace Minerals 
H3B03 
MnCI2·4H2O 
ZnS04·7H20 
CuS04·5H20 
NaMoO~r2H20 
Fe-EDTA stock solution: 
33.39 9 di-Na·EDTA 
24.90 9 FeS04 
millitre 
3.0 
2.0 
2.0 
2.0 
1.0 
1.0 
1.5 
1.0 
9/2 litre 
5.72 
3.62 
0.440 
0.145 
0.058 
dissolve in 800 ml H20 
-7 dissolve in 200 ml H20 
Add 10 9 KOH pellets (~ pH 2.9) and aerate overnight to form a stable 
complex (~ pH 5.5). 
Fongarid: Fungicide produced by Ciba-Geigy. Used to prevent crown rot. 
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